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ABSTRACT 

This document presents the basic test data obtained during 

the Lift-Propulsive Force Limit Wind Tunnel Test conducted 

during 1976 at the Boeing Vertol Wind Tunnel. Included are 

the rotor control positions, blade loads and six components 

of rotor force and moment, corrected for hub tares. Per- 

formance and blade loads are presented as the rotor lift 

limit is approached at fixed levels of rotor propulsive 

force coefficients and rotor tip speeds. Performance and 

blade load trends are presented for fixed levels of rotor 

lift coefficient as propulsive force is increased to the 

maximum obtainable by the model rotor. Test data is also 

included that defines the effect of stall proximity on 

rotor control 2ower. The analysis of the data is presented 

in Volume I and the basic test data plots are presented in 

Volumes I1 and 111. 



FOREWORD 

This report was prepared by the Boeing Vertol Company 

for the National Aeronautics and Space Administration, 

Langley Research Center,under NASA contract NAS1-14317. 

It presents the test data and analysis from the Lift- 

Propulsive Force Limit Wind Tunnel Test. The analysis of 

the data establishes the useful flight envelope and the 

characteristics of a conventional rotor in high speed 

flight. The results are presented in three volumes: 

-1 Wind Tunnel Investigation of Rotor Lift and 

Propulsive Force Limits at High Speed - 
- Data Analysis - 

-2 Wind Tunnel Investigation of Rotor Lift and 
E4 -3 

Propulsive Force Limits at High Spe2d - 
- Test Data Appendix - 

Mr. J. L. Jenkins (NASA Langley) was the technical monitor for 
? 

this work. 

The Boeing Vertol Program Manager was F. J. McHugh and was 

assisted in the testing, data presentation and report prepara- 

tion by Ross Clark, Aerodynamics Tech. Rep. 
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Tunnel  V e l o c i t y  

Ro to r  T ipspeed  

Ro to r  X F o r c e  N ( l b )  

S h a f t  Angls  of A t t a c k  

Collect ive P i t c h  

Advance Ratio = V/-VTIp 

r a d  (cleg) 

r a d  (deg) 
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Current  s o p h i s t i c a t e d  r o t o r  ana lyses  and exp lo ra to ry  wind 

tunne l  t e s t  i n d i c a t e d  a p o t e n t i a l  f o r  ope ra t ing  a convent ional  

r o t o r  i n  t h e  200 t o  300 knot  speed regime e x i s t e d .  The t e s t  

d a t a ,  ob,:ained a t  low r o t o r  t i p  speed,  were minimal and re- 

qu i r cd  ~ a r i f i c a t i o n  a t  f u l l  s c a l e  t i p  speeds.  The r e s u l t s  were 

encour*a$ing enough t o  o b t a i n  suppor t  from NASA f o r  t h e  l i f t  and 

propuls ive  fo rce  l i m i t  test t h a t  exp lo re s  t h e  high-speed regime 

t o  3efin.2 t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  of t h e  convent ional  

r o t o r .  20 accomplish t h i s  t e s t  program o b j e c t i v e ,  t h e  S i n g l e  

Rotvr Hel icopte r  (SRH)  Rotor Tes t  Stand,  shown i n  F igure  1.1 

was ~ s e d -  This  model i s  designed a s  a  f u l l y  i n t e g r a t e d  system, 

conta ln i2g  necessary power p l a n t  c o n t r o l s  and d a t a  measuring 

t r ans?uce r s  t o  s imula te  any .des i red  con f igu ra t ion  of  conven- 

t ior-a1 h e l i c o p t e r  o r  i s o l a t e d  r o t o r .  The tec ; t ing  was perforined 

with  a 1 / 1 0  s c a l e  CH-473 r o t o r  which has a  cambered a i r f o i l  

s e c t i o n  from r o o t  :..o t i p ,  l i n e a r  t w i s t  of  -7 degrees  and t h r e s  

b lades .  

: 

The g e n e r r l  purgose of t h e  t e s t  a s  de f ined  above was d iv ided  

i n t o  d i s t i n c t  t a s k s  3r o b j e c t i v e s .  These o b j e c t i v e s  w i l l  be 

ada-rssed ir. t h c  fol lowing paragraphs i n  t h e  o r d e r  of  importance 

t o  t h e  o v e r a l l  program purpose. 

T e s t  Ok j e c t i y ~ e  i: Determine t h e  maximum l i f t  and p ropu l s ive  

f o r c r  ob t a inab le  from an a r t i c u l a t e d  r o t o r  f o r  advance r a t i o s  

of  0 . 4  t o  n.67. 



A sweep in rotor lift was made at a fixed rotor propulsive 

force coefficient (x/qd2u) , increasing the lift until a limit 

deficed by aerodynamic capability, blade loads or control cap- 

ability was reached. Since collective pitch defined the rotor 

lift, this variation was used to establish any aerodynamic limi- 

tation on lift. Figure 1.2 presents a eypical variatidn of 

rotor lift coefficient (C+/U) with collective pitch (8 .  75R) at an 

advance ratio (p) of 0.53 for three levels of propulsive force 

coefficient (x/qd2a) of 0.025, 0.05 and 0.10. At the lower level 

of rotor lift,the sensitivity to collective is very high but as 

Cj/u becomes greater than 0.08 the sensitivity gradually decreases 

to a point where further increases in zollective pitch produces 

either no change or a decrease in rotor lift coefficient. This 

indicates,the lift is limited by the aerodynamic capability of 

this model rotor system. 

The most critical load monitored during the test was alternating 

blade root torsion because it was the primary indicator of blade 

stall and had the smallest margin with the anticipated loads. 

Maximum measured torsion loads never exceeded 60 percent of the 

allowable, so loads were never the cause for limiting testing. 

There were only a few cases where longitudinal or lateral cyclic 

capability limited the testing and not the aerodynamic capability. 



A summary of the rotor lift limits for the basic propulsive 

force coefficient of 0.05 is presented with the solid line in 

Figure 1.3 from hover (p = 0.0) to 225 knots (P = 6 The 

trend of lift limit with advance ratio decreases linearly up 

to a p = 0.35, beyond this value the lift decreases rapidly to a 

Ci/o of 0.098 at v ;: 0.45. Prom u = 0.45 to 0.50 the lift limit 

rises rapidly and levels off at a value of C+/o = 0.112 out to 

p = 0.53. After this aevance ratio the lift limit drops to C+/a 

of 0.072 at 225 knots ( p  = 0.51). 

In Figure 1.3, a summary of the lift limits at propulsive force 

coefficients (x/qd2a) of 0.025, 0.10 and 0.20 are also presented 

and compared with the basic lift linit at a propulsive force 

coefficient of ~ / q d ' ~  = 0.05. Reducing the x/qd2u to 

0.025 resulted in no change between p = 0.40 and 0.50 but there 

was an increase in lift limit (C+/a) of 0.008 at an advance 

ratio of 0.53. Increasing x/qd2c from 0.05 to 0.10 resulted in 

a decrease in lift limit (C+/o) of 0.01 between t: = 0.40 to 0.50 

and the decrement in iift limit (C$/a) increases to O.q3 beyond 

an advance ratio of 0.50. Similar changes were established when 

the propulsive force coefficient was increased from 0.10 to 0.20. 



To define the propu1.sive force limit, a sweep in propulsive 

force coefficient was made at a fixed level of rotor lift coeffi- 

cient. Propulsive force was increased until a limit was defined 

by aerodynamic capability, blade loads or control capability. 

The testing was limited at a level 9 to 10 times greater than 

the basic propulsive force by a physical limitation of the model - 
the lag stops. The lead-lag motion was not large (less than 2 

degrees) but the steady lag wss large at these high levels of 

pro2ulsive force, thus causing the blade tobang on the lag stops. 

The maximum lift obtained at specific level of propulsive force 

or the maximum propulsive force obtained at fixed levels of 

rotor lift combine to establish the limitation on the operational 

capability of the model rotor system. This is presented in 

Figure 1.4 as the variation of rotor lift c~efficient with rotor 

propulsive force coefficient for each advance ratio. Super- 

imposed on Figure 1.4 is an equivalent flat plate drag area 

loading GW/fe = 1500 lb/ft2, a drag level representative of an 

advanced helicopter. This establishes the flight envelope for 

+3d model rotor system and specifies that the rotor can operate 

at i rotor lift coefficient C i / a  = 0.10 up to an advance ratio 

of 0.57 or 210 knots. Flight at an advance ratio of 0.6i or 225 

knots can be achieved when operating at a C+/U = 0.08. This 

answers the repeatedly asked question - can the conventional rotor 



operate at useful lift levels in high speed forward flight with- 

out auxiliary lift or auxiliary propulsion? - with a firm YES. 

Test Objective 2: Establish the blade load growth as the 

lift approaches the limit. 

Loads data was measured in conjunction with testing to define 

the lift-propulsive force limits. Torsion, flap and chord bend- 

ing loads were measured at ten locations on the blade. This 

instrumentation was utilized during the initial phase of the 

testing with blades on to determine the frequency spectrum of the 

rotor. At the normal operating tip speed the first torsion mode 

was 6.l/rev and would be the frequency ratio at which the blade 

1 would respond when encountering stall. During the testing 

this extensive instrumentation provided the depth of data coverage 

required not only to define the blade load growth as lift approached 

the limit, but also to assist in the development of an under- 

standing of the operation of the rotor in the high speed regime. 

A summary of the alternating blah root torsion loads a* pre- 

sented in Figure 1.5 for a prapul.slve force coefficient (x/qd2 a)  

of 0.05 at advance ratios of 0.0 tc 0.61. The general trend ex- 

hibited a very slight incxease in loatis with rotar lift coefficients 

up to C l / o  of approximately 0.09 and advance ratios tf 0.50. At 

higher lift levels the growth in alternating root torsion signi- 

ficantly incraase. There is a second change in the slope, becoming 



almost asymtotic, indicating a trend normally associated with 

stall and the lift limit. The growth in alternating flap and 

chord bending loads with rotor lift coefficient were similar 

to the trends exhibited by torsion; i.e., as the maximum lift 

limit is approached, the loads increase rapidly. 

Referring to Figure 1.5 the alternating torsion load growth at 

an advance ratio of 0.50 shows a moderate sensitivity up to a 

lift level of C+/u = 0.095 and beyond that level there is a sharp 

increase in the sensitivity. Are these two load growth trends 

caused by conventional stall occurring in different areas of the 

rotor disc? In an effort to define the answer to this question 

it is necessary to combine the radial and azimuthal load varia- 

tion and discuss them together as: the azimuthal variation of 

the outboard portion of the blade (r/R = 0.81 to 1.00), mid blade 

(r/R = 0.50 to 0.81) and the inboard portion of the blade 

(r/R = 0.12 to 0.50). Figure 1.6 shows these three incremental 

torsional load variations for a C t / u  = 0.0894 at p = 0.50. The 
T 

outboard load variation is a uniform level of torsional load from 

30 degrees to 270 degrees rotor azimuth with increases maximizing 

between 120 degrees to 160 degrees. A very Low level of torsion 

load is evident near 280 degrees and 20 degrees rotor azimuth. 

For the mid blade variation there is a significant increase in 

nose down load at 150 degrees azinuth typical of stall while at 

300 degrees azimuth the load becomes slightly positive,indicative 



. i' of operation at negative section angle of attack. In the inboard 
, I . - portion of the blade there is an increase in nose down load at 

150 degrees azimuth representing stall. At 300 degrees azimuth 

there is a large increase in nose up load indicating negative 
I. 

stall and operation at extremely large negative angles of attack. 

There is a decrease in torsion load to zero between 60 and 90 

degrees on the inboard portion of the blade indicating operation 

at negative section angles of attack. 

For rotor lift near the lift limit there is an increase in load 

sensitivity to rotor lift for higher advance ratios. This is a 

result of operating at higher lift levels on the mid and outboard 

portions of the blade and developing a large area of positive 

stall in all three areas of the rotor. The region of negative 

stall become; larger and also contributes to the increased load 

sensitivity to lift. 

Test Objective 3: Obtain cruise rotor performance for 

advance ratios of 0.40 to 0.67. b 

During the testing performed to define the lift limit, performance 

data was obtained from lift levels as low as C+/o of 0.04 up to 

the limit defined in Figure 1.3. This data is representative of 

steady level cruise performance for the 1/10 scale CH47B rotor. 

Figure 1.7 presents the summary of the rotor performance in terms 

of the rotor effective drag coefficient (CDe/o) variation with 

rotor lift. Rotor effective drag coefficient is defined below: 



There is a large improvement in rotor effective 

drag from an advance rttio of 0 10 to 0.20. A slight increase 

in effective drag coefficient is shown as the advance ratio is 

increased to p = 0.40. For advance ratios of 0.45, 0.50 and 

0.53 the effective drag level is slightly increased over an 

advance ratio of C.40 and they are all approximately the sane. 

The effective drag gradually increases with advance ratio up to 

0.61 reaching a level that is equal to that of an advance ratio 

of p = 0.10. The general trend evident for each of the advmce 

ratios is that the effective dray starts to increase significantly 

at lift levels well below the lift limit but in the lift level 

that is incurring inboard stall. 

Rotor lift to effective drag ratio is a measure of cruise efficiency. 

The slope to any point on Figure 1.7 provides the L/DE and the I 
position of each advance ratio on this figure indicates their 

efficiency relative to each other. A summary of the maximum 

rotor L/DE is presented in Figure 1.8 indicating a peak value of 

9.5 at p = 3.28. The trend from p = 0.40 to 0.61 resembles the 

lift limit trend showing a dip at an advance ratio of 0.45 ana a 

lower peak of 4.5 at p = 0.53. 

The strain 5ages and wire bundles for the torsion, flap and chord 

bending loads were mounted externally on the blade. This produces 

lumps and s~anwise surface irregularities that increase the basic 

drag of tk.3 airfoil section. From testing performed under the HLH 

program,dat.a was obtained to define an increncnt in section drag 



coefficient (ACD '0.02) for instrumentation and wire bundles on 

the blades used in the Lift-Propulsive Force Limit test. Utiliz- 

ing this ACD, an estimate of the change in rotor effective drag 

coefficient was made and the associated impact on the maximum 

effective lift drag ratio. This was added to Figure1.8 and 

indicates that the peak in maximum L/DE increases to approximately 

13.5 at p = 0.28. The second peak in L/De increases to 7.0 at 

an advance ratio of 0.53. 

Test Objective 4: Determine the sensitivity of the rotor forces 

and moments to rot-or control inputs as the 

lift limit is approached. 

During the testing to determine the maximum lift limits, per- 
8 

turbations in longitudinal and lateral cyclic were made from 

the trimmed operating conditions. This was accomplished at 90 

percent and 70 percent of the maximum lift to determine If there 

was any decrease in the incremental rorces and roments generated. 

Figure 1.9 presents the impact of incremental longitudipal cyclic 

on the rotor pitching moment -.nd longitudinal force as well as 

the cross coupling effects on rotor rolling and side force for 

an advance ratio of 0.53. The sensitivity of rotor pitching 

moment and longitudinal force are slightly increased when operating 

near the lift limit as shotrn in Figure 1.9. The sensitivities 

become slightly greater in the cross coupling terms of rotor rolling 



moment and side force when operating near stall. The lateral 

control characteristics are less affected by operation near stall 

than the longitudinal control characteristics. At p = d.53 

there wes no effect on the thrust or power sensitivities to 

longitudinal or lateral cyclic. The conclusion drawn is that 

there is a negligible effect on the control power resulting from 

operation at 90 percent of the lift limit at all speeds up to an 

advance ratio of 0.53. 

Test Objective 5: Define the effect of advancing tip Mach number 

on the lift and propulsive force limits. 

To determine the effect of advancing tip Mach number, a nominal 

increment of 0.05 in Mach number was selected which required 

reducing the rotor tip speed to approximately 570 ft/sec. The 

lift limit testing was performed in the sane manner as described 

previously and a summary of the lift limit variation with advance 

ratio for 570 ft/sec is shown in Figure 1.10, with a dashed line. 

It shows a continuous decrease in the limit from an advance ratio 

of 0.45 to 0.64, To define the relative change in the limits re- 

sulting from this 0.05 change in Mach humber, the ljft limit of 

Figure 1.3, for x/qd2u = 0.05, is superimposed on Figure 1.10. 

The most significant difference in the limit is the distinct chanqe 

in sha,c. For the lower tip speed there is no dip in lift limit 

at an advance ratio of 0.45. The result is a lower lift limit 



'5.' 
I .  
r 

of 0.50 and 6.60 by approximately Ac+/u = 0.01, but beyond p = 
4 .  

2 * c l  
+.- 

0.60 the lower tip speed has a definite advantage with the more 

$ shallow rate of change in lift limit with advance ratio. Further 
Y 

S ,  analysis is required to fully understand and establish the reason 

for these results. 

Test Objective 6: Determine the blade flapping response to a 
,, ,. 

step input in cyclic as the lift limit is 
+ 

approached. 

An instrumen~ation failure prevented measuring blade flapping 

and a quantitative answer was not achieved but a qualitative one 

was provided each time the rotor hub moments were trimmed to zero. 

The hydraulic *control system had very rapid response and any 

. + input command to the collective or cyclic controls resulted in 

a step input. Visual observation of the rotor indicated that 

the blade flapping was highly damped since the rotor stabilized 

very rapidly without any rotor wobble. 

Testing in the higher advance ratio regions made evideng that a 

rotor can operate at a fixed level of propulsive force and lift 

with and without tip stall. This can occur at all levels of lift 

and there appears to be two dist-inct operating conditions: one 

~ignificantly worse from the perfo7-mance and blade loads consider- 

ations. A t  an advance ratio of 0.53 there is an increase in puwerof 

approximately 30 percent resulting from this stalled operation. The 



corresponding impact on the lift limit causes a decrease in 

rotor lift coefficient of 0.006. 

The data presentations up to this point in the discussion has 

addressed maximum lift, maximum propulsive force or maximum 

effective lift to drag ratio; always defining the limit to the 

capability of the rotor system. It is equally important to 

define the capability for a fixed lift and equivalent flat 

plate dr?g requirement to simulate the rotor under normal opera- 

tion and be representative of a model configuration. The 

definition of this configuration is as follows: 

o Reduced drag levels, representative of an advanced 

helicopter (x/qd20 = 0.05) 

Normal operating lift 

o Normal operating speed 620 ft/sec 

The performance for this configuration in terms of effective 

rotor lift to drag ratio is slightly less than that shown in 

Figure 1.8. A comparison of this level of performance with 

that obtained at a propulsive force coefficient of 0.10, 

representative of current helicopter drag levels is shown in 

Figure 1.11 in the form of power required curves. There is 

a 25 to 30 percent reduction in total rotor power required 

achieved by reducing the propulsive force requirement with drag 

reduction from X/qdza of 0.10 to 0.05. Shown also on this figure 

is the power reqired for x/qd20 = 0.025 and the extrapolation 



betwsen advance ratios to the ultimate capability - zero drag. 
The 25 to 30 percent reduction in total power required for x/qd2a 

= 0.05 takes the configuration halfway to the ultimate goal and 

adds greater emphasis to the accomplishment of drag reduction. 

With the cost of fuel increasing dramatically and energy conser- 

vation being carefully considered in the development of the next 

generation helicopter, drag reduction and cleanup becomes a 

very high priority effort. 

At the end of the first portion of the test program, one lift 

limit test data run wh3 performed at an advance ratio of 0.57 

with a set of rotor blades that are geometrically the same but 

the torsional stiffness is reduced by approximately 45 percent. 

Figure 1.12 presents the performance obtained for the soft GJ 

blade compared to the standard blade summarized earlier. The 

maximum lift measured for the soft GJ blade is 0.086, the 

standard blade has reached a C+/a of 0.094 and has not reached 

a maximum. Effective rotor drag variation with rotor lift is 

presented in Figure 1.12 and shows a difference of ACD P = 
E OI3 

0040. The soft GJ blade was instrumented out to 55 percent of 

the radius but the standard blade was instrumented out to 80 

percent and these instrumentation leads could account for this 

difference in C /oB. The maximum effective rotor lift to 
D~ 

drag ratio is approximately 3.2 for the soft GJ blade and 2.9 

fcr the standard blade, not correcting for the difference in 

external instrumentation. A comparison of the alternating blade 



root torsion loads indicated that the load growth on the soft 

GJ blade is larger and the load becomes 20 percent higher at 

. . The lift propulsive force limit test provided a large amount 

of test data and only a portion of it has been examined in 

depth. From the data analysis included in this report, the 

overall conclusion reached is that the conventional rotor and 

pure helicopter has the capability to operate in excess of 

200 knots without wings and auxiliary propulsion. Since this 

6 foot diameter model could operate effectively up to 225 

knots, a full scale rotor with improved planform, twist and 

structural characteristics should have the capability to expand 

this.operational envelope and provide a more efficient helicopter. 
0 





FIGURE 1.2 LIFT LIMIT DEFINED BY AERODYNAMIC CAPFSILITY 
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FIGURE 1 . 6  RADIAL AND AZIMUTHAL DISTRIBUTION OF BLADE TORSION LOADS, 
LI = 0.50 C j l ~  0.0894, X/qd2u = 0.05 
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FIGURE * SUMMARY OF MAXIMUM EFFECTIVE LIFT-DRAG RATIO 



1/10 SCALE CH-478 ROTOR 
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FIGURE 1.9 EFFECT OF STALL PROXIMITY ON LONGITUDINAL CONTROL POWEX 

I ROTOR MOMENTS & INPLANE FORCES AT u = 0.53; X/ad2u = 0.05 
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ADVANCE RATIO - p 
FIGURE 1.10 EFFECT OF ROTOR SPEED ON M A X I ~ I U M  LIFT LIMIT 
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FIGURE 1.11 EFFECT O F  PROPULSIVE REQUIREMENT ON MODEL 
PERFORMANCE, C+/o= 0.08 

C O N F I  GURATIO',I 
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FIGURE 1.12 EFFECT OF TORSIONAL STIFFNESS ON ROTOR EFFECTIVE 
DRAG p = 0 .57  x/qd2a = 0.05 
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2.0 INTRODUCTIdN 

In the development of current helico~ ..:s, during the 1960ts, 

investigations were conducted to explore the growth potential 

of conventional rotors. Analytical studies performed at the 

time and substantiated by a minimum amount of test data, estab- 

lished generalized rotor performance. These results indicated 

rotor operation beyond an advance ratio of 0.5 at typical design 

lift levels in the propelling mode was not recommended. As more 

rotor testing was acccmplished at higher lift levels and higher 

speeds, the theory was modified and substantiated with the test 

data. The operational boundaries of the rotor were expanded 

and detailed study of these boundaries indicated that they were 

a result of blade stall. The continued study of blade stall has 

res~lted in the development of a more complete aeroelastic re- 
I 

presentation of the rotor system and an increased understanding 

of the aerodynamic and aeroelastic response of the blade when it 

encounters stall. 

With this better understanding of the rotor system, an analysis 

of the limitations of the rotor defined by stall for tie 200 to 

300 knot speed regime was performed. The analysis indicated 

that lift was increased without any serious degradation in per- 

formance but at high levels of lift the methodology would not 

iterate to a converged blade motion and trimmed rotor solution. 

These results implied a rotor potential existed and exploratory 

wind tunnel testing was performed in 1974 to verify it. A minimum 



amount of test data was obtained at reduced tip speed opera- 

tion at high advance ratios without severe limitations to 

lift or blade loads produced by stall. These results indi- 

cated a more detailed examination of the high speed potential 

of the conventional rotor was required and has led to the 

test program summarized in this report. 



. . 3.0 MODEL DESCRIPTION AND INSTRUMENTATION 4 .: 

yew 3.1 Test Stand 

The Single Rotor Helicopter Model is designed as a fully inte- 

grated system, containing necessary power plants, controls and 

data measuring transducers to simulate any desired configuration 

of conventional helicopter or isolated rotor. Figure 3.1 shows 

the arrangement of the motors, transmissions, controls, balances 

and air supply systems. The main rotor drive consists of a 

package of three (3) Tech. Development Air Motors, developing 

a total of 400 shp from dried comprsssed air at up to 350 psi 

and mass flow up to 6 lb/sec. The three motors drive the main 

rotor through a 9 to 1 reduction gearbox and bevel set, from 

which a maximum of 1600 rpm and minimum of 80 rpm is available. 

~dditional gears are available to provife higher rotor rpm's 

for testing smaller diameter rotors. The rotor and controls 

are mounted on a six component total loads balance. Fairings 

enclose the controls and balance so that the loads measured by 

the balance are produced by the hub and blades only. The model's 

shaft angle, collective and cyclic are remotely contro2led. The 

operational range of the shaft angle is from 45 degrees forward 

to 10 degrees aft. 

3.2 Model Details 

The testing was performed with a CH-47B/C type rotor which has a 

~23010-1.58 section from root to tip and a linear twist of -7.0 
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degrees (actual blade thickness is 10.2%). The rotor hub has 

roller bearings for pitch and flap motion and elastomeric bearings 

for lead-lag motion. The blade physical properties are sum- 

marized in Table 3.1. The consturction of the blades, as 

shown in Figure 3.2 is a single lay-up, molded type utilizing 

several types of fiberglass for skin and spar in conjunction 

with a balsa wood spar mandrel and a balsa wood trailing-edge 

box. A 0.05 inch diameter tantalum rod is incorporated in the 

leading edge as a balance weigkt. This type of molded construc- 

tion results in accurate tolerance; within +0.0015, -0.0 inches 

over the leading edge, and withln +0.003 and -0.0 inches overall. 

Blade natural frequency spectra for the blades derived from test 

data obtained froh operation at various rpm's' is present& in 

Figure 3.3. 



TABLE 3.1 

SUMMARY OF ROTOR BLADE PHYSICAL PROPERTIES 

Airfoil Section V23010-1.58 (t/c = .102) 

Rotor I.D. Number = S.N. 122, 123, 124, 101, 104, 105, 106 

Radius = 0.9017 m (2.9583 FT) 

Chord = 0.0583 m (0.1913 FT) 

Flap Hinge Offset = 0.0538 m (2.12 IN.) 

Pitch Axis Location = 0.0146 m (0.5738 IN. ) 25% CHORD 

Blade Attachment = 0.0545 m (2.145 IN.) 

Blade Twist = -0.1222 rad (-7.0 degrees) LINEAR 

Disc Area = 2.554 m2 (27.4938 F T ~ \  

.Number of Blades = 3 

Flap Inertia = 0.0433 kgm2 (0.0319 s ~ u ~ - F T ~ )  

Weight Moment = 0.0713 kgm (0.516 FT-LB) 

Lock Number = 6.7 

Solidity = .06175 





FIGURE 3. ? FREGUENCY SPECTRUM 

ROTOR SPEED RPM 

FOR 1/10 SCALE CH-478 ROTOR 



3.3 Instrumentation 

The major areas of instrumentation are the total loads balance, 

controls and the blade. Measurements recorded from each are 

discussed below and other instrumentation items installed for 

this test are also described in the following paragraphs. 

Total Loads Balance 

The total loads balance (BV-6054) is integral with the vertical 

strut. This balance measures six components of force and moment. 

The output signal is conditioned and then processed for weight 

tares and balance interactions in the computer to provide forces 

and coefficients. 

Control Instrumentation 

Rotor control positions of collective, longitudinal and lateral 

cyclic are instrumentad to record the magnitude of the input 

controls. The collective and cyclic capability of the control 

system is presented in Figure 3.4 as longitudinal cyclic varia- 

tion with collective at fixed levels of lateral cyc1,ic. The 

root end of thf2 blade is instrumented to provide the continuous 

measurement of blade pitch and blade flapping. 

Rotor B1ad.e Instrumentation - 
Three blades are fully instrumented (S/N 105, 106, 1231, as indi- 

cate?. in Figure 3.5, with the following strain gages: 

Flap bending - r/R = .118, .222, .477, ,778 

Chord bending - r/R = .118, .522 

Blade torsion - r/R = .118, .200, .500, .a00 
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Two other "lades are partially instrumented with the root end 

safety of flight gages and the mid-span flap and chord bending 

gages. 

Additional Instrumentation 

Several temperature probes are installed in the gearbox, drive 

system bearings of the main rotor and the swashplate to enable 

the respective temperatures to be monitored during the test. 

Lubricating oil flow rates were also monitored. 



4.0 DATA REDUCTION 

( The wind tunnel test of a rotor requires the measurement of net 

rotor forces and moments, rotor control positions and blade loads 

almost simultaneously. To achieve this, the data is sensed, 

multiplexed, processed then stored on magnetic tape and/or 

printed. The flow diagram of the wind tunnel data system used 

to accomplish this for the lift-propulsive force test is shown 

in Figure 4.1. Signals from the model and tmnel itself were 

routed as illustrated to an IBM 1800 computer for processing 

and data reduction. Computed results in standard engineering 

units and/or coefficient format were tabul~ted by a line printer 

and selected variables were plotted by the X-Y plotters. Final 

data was stored on magnetic tape for additional processing when 

I necessary. 

A control panel digital display of nine channels of processed 

data was available for setting up model test conditions or for 

monitoring ?urposes during the testing. Dynamic data of six 

quantities was continuously displayed on oscilloscopes to provide 
c 

assistance in preventing model balance or rotor structural limits 

from being exceeded. 

A dat3 reduction program developed for Model VR096Q enabled the 

electrical signals to be transformed and the various tunnel para- 

Tetsrs to be printed out on-line. In addition to these items, the 

maximum and minimu! values, mean value and alternating component 
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cf each selected blade load measurement were calculated and tabu- 
I 

lated on-line. Root flap bending, chord bending and torsion loads, 

as well as, root flapping angle were harmonically analyzed on-line 

up through the first nine harmonics with the results being listed 

along with the other data. Subsequent to actual testing, recon- 

stituted wave forms were developed from the dynamic data on the 

magnetic tapes. 

At each test point, xveasurements are taken for computing and 

tabulating on-line the quantities listed. The listed balance 

forces and moments were consistent with the sign convention illus- 

trated in Figure 4.2. 

a) Tunnel and Model Parameters 

Air density, 

Freestream dynamic pressure, q 

Tunnel velocity (corrected), V 

Tunnel static temperature, Ts 

Rotor advance ratio, p' = - V 
R R 

Rotor collective angle, 8 . 7 5  

Rotor lateral cyclic angle, AlC 

Rotor longitudinal cyclic angle, Blc 

Rotor RPM 

Rotor shaft angle, a, 

Rotor flappling angle, B 

Rotor lag angle, 5 
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b )  Tota l  Loads Balance and Instrumented Sha f t  

Axial  fo rce  ( t h r u s t ) ,  T l b  

Normal fo rce ,  NT l b  

Side force ,  SF lb 

Pi tch ing  moment, PM f t - l b  

Yawing monent, YM f t  -1b 

Sha f t  torque,  Q f t - l b  

Forces and moments from balances  were p r i n t e d  o u t  on- l ine  i n  

engineer ing u n i t s  i n  t h r e e  success ive  forms: f i r s t ,  a s  fo rces  

and moments wi th  t h e  wind of f  ze ros  removed, balance i n t e r -  

a c t i o n  co r r ec t ions  appl ied  and t h e  weiqht t a r e s  removed. 

Corrected main r o t o r  balance fo rces  and moments were r eo r i en t ed  

i n t o  a  s tandard a i r c r a f t  convention system and t r a n s f e r r e d  on- 

l i n e  t o  t h e  hub cen te r  s o  t h a t  moments could be evaluated i n  

t h e  plane of t h e  r o t o r .  The t r a n s f e r  d i s t ance  along t h e  s h a f t  

a x i s  from t h e  balarLce cen te r  t o  t h e  hub i s  2.192 f e e t . ,  The 

resolved s h a f t  a s i s  system hub fo rces  and moments a r e  noted 

i n  t h e  following l i s t  along wi th  t h e i r  s ign  convention. 



Main Rotor Hub Forces/Moments (Shaft Axis) 

Thrust, Z (positive: up) lb 

H force (positive: aft) lb 

Side force (positive: to the right) lb 

Hub pitching moment (positive: nose up) f t -1b 

Hub rolling moment (positive: advancing tip f t-lb 
down) 

Yawing moment (Q friction torque) f' ft- lh 

Since the actual hub generated forces and moments were included 

in the rotor characteristics, it is necessary to establish 

hub tares and subtract them from the main rotor balance mea- 

surements. The hub tares were obtained from rotor-off runs 

conducted with the rotor shanks rotating at the normal oper- 

ating speed. The rotar is then corrected for these tares and 

represents the second form of the rotor performance printout. 

The third form of rotor data is presented on the printout in 

coefficient form. The rotor data is reduced on-line into 

coefficient form in the shaft axis system per the following 

terminology. Hub pitching moment, hub rolling moment and side 

force are retainsd in their more meaningful dimensional form. 

Main rotor thrust coefficient, CT/a = T 
(where 0 is the rotor soli2ity) p (RP) 'Aa 

n - Main rotor power coefficient, C p / a  - V 

p (GR) 2~~~ 



Main rotor data is also reduced on-line into the following 

engineering units and non-dimensional forms in the wind axis 

system. Hub side force components are includsd when the 

model is yawed. 

Lift to equivalent drag ratio, L/D, 

Rotor lift coefficient, C+/U = L 
p (QR) 'AU - 

Propulsi*;e force coefficient, -X or x/u 
qd2c 



5.0 TEST P R O G W I  

The wind tunnel program for this lift and propulsive force limit 

test explores the high-speed regime to define the capabilities 

and limitations of the conventional rotor. Details of the test 

objectives, test procedures and operating conditions are described 

in the following sections along with the run log. 

5.1 Test Objectives 

The overall program objective was to define the cruise perform- 

ance and determine if there were any limitations to lift and 

propulsive force. Test data obtained was to assist in the veri- 

fication of the theoretical rotor analysis in the high-speed regime. 

The general purpDse of the test as defined above was divided into 

distinct tasks or objectives. These objectives are listed here in 

the order of importance to the overall program purpose: 

1. Determine the maximum lift and propulsive force 

obtainable from an articulated rotor for advance 

ratios of 0.4 to 0.67. 

2. Establish the blade load growth as the lift 

approaches the limit. 

3. Obtain cruise rotor performance for advance ratios 

of 0.4 to 0.67. 



Determine the sensitivity of the rotor forces and 

moments to rotor control inputs as the lift limit 

is approached. 

Define the effect of advancing tip Mach number on 

these limits. 

Determine the blade flapping response to a step 

input in cyclic as the lift limit is approached. 

5.2 Test Procedures 

Prior to performing any data runs, hub tares were measured at 

each of the test conditions. For these tare runs, the hub was 

rotating at the correct rpm and pitch sweeps were made at each 
* 

I dynamic pressure. This.data was removed from the rotor data 

during reduction to provide the aerodynamic characteristics of 

just the rotor blades. 

The blades were then installed and a series of runs made fdr 

track and balancing. This was done to eliminate the one per rev 
! 

unbalance resulting from one blade being instrumented while the 

other two were not, and also to provide final adjustment to the 

pitch links to have ,511 blades flying in track. Tollowing this, 

a forward flight run was made at a fixed rotor lift coefficient 

and various rotor speeds to verify the model resonance points and 

insure the selected test rotor speeds were resonance free. 

Two types of testing with rotor blades on were perforn~ed to achieve 

the objectives presented in Section 4.1: basic performance testing 

and rotor control power testing. The Lirst, basic performance 



testing, was accomplished by setting tke rotor speed and tunnel 

speed to achieve the required advance ratio and advancing tip 

Mach number. At these conditions, a sweep in rotor lift coeffi- 

cient was made at a fixed rotor propul.sive force coefficient by 

increasing shaft angle and collective. At each shaft position, 

the collective was adjusted to provide the required propulsive 

force and the rotor blade flapping was reduced to a minimum with 

longitudinal and lateral cyclic. The rotor lift was increased 

until a limit is reached in blade loads or the rotor lift reached 

a maximum. , A sensitivity to longitudinal cyc!ic was made to define 

the trade-off in rotor performance with blade flapping and hub moment. 

The definition of a propulsive force limit was accomplished at 

a fixed rotor lift level. Shaft angle was decreased and the 

collective increased to maintain the desired lift level. Rotor 

blade flapping was reduced to a minimum with longitudinal and lateral 

cyclic. The propulsive force was increased until limited by blade 

loads, stall flutter or no further increase in propulsive force was 

achieved. This procedure was repeated at each lift level selected. 

Rotor control testing consisted of excursions in longitudinal and 

lateral cyclic about the trimmed operating condition in the per- 

formance testing. Control power data from longitudinal cyclic 

and lateral cyclic variations were made only at 90 percent and 70 

percent of the maximum rotor lift coefficient (C+/a) .  Control 

power characteristics were obtained at these two levels and provide 

insight into the amount of degradation in control that results at 

the maximum lift limit. 



5.3 Test Operating Conditions 

I The basic tip speed utilized in the testing performed was 620 

ft/sec. Additional testing was performed at tip speeds of 572 

ft/sec and 665 ft/sec to define the effects of an advancing tip 

Mach nuxber on the lift and propulsive force limits. These rotor 

tip speeds were selected to provide an increment in Mach number 

of 0.05. 

Tunnel speeds up to 225 knots were achieved and result in a maxi- 

mum advance ratio (p) of 0.61 Zor the basic tip speed of 620 ft/sec. 

Advance ratios of 0.64 and 0.53 were achieved for the alternate 

tip speeds tested. A summary of the conditions tested is pre- 

sented in Figure 5.1. 

I 5.4 Run Lgg 

A detail list of runs accomplished is presented in Table 5.1. 

For each run, the rotor tip speed advance ratio, rotor lift 

coefficient, propulsive force coeffici2nt and tunnel speed are 

listed along with comments defining the purpose of each run. 

t 





TABLE 5.1 RUN LOG 

TYPE OF 
TCST I N G  - 

N E L I N E  ROTCR 
;Hd2ACTERISTICS - 
.IFT LIHIT RID 
:SNTR3L POUER 

ROTOR 

SO. V T  

25 
2 7 
28 
29 
30 

21 

22 
2 3 

35 620 FPS . 
36 1 .  - 1 .25 
37 .10 
33 1 .20 

90TOR 
LIFT 
COEFF. 
C;:o 

TEST 1 tiG 1 24 

620 FPS 

Range 

620 FPS 

39 
40 
41 
42 

620 FPS 

620 FPS 

Blade Frequency Check 

ROTOR 
PRCPULSIVE 
FORCE COEFF 

Ylqdza 

- 
.10 
.20 
.20 
.30 
.40 

620 FPS .50 

Range .53 

Hew se t  o f  b lad ts  
t o r s i ona l  s t i f f ness  
approx. 50% o f  standard 
blades and t w i s t  approx. 
19.4.(an increase of 35%) 
bdrned out swashplate 
bearing. 

0 

0 

0 

.57 

h n g e  I .30 

ORIGINAL PAGE IS 
OF POOR QUAWZ'. 

TUNNEL 
SPEED 

V 

Range 

.05 

.025 

.10 

.20 

END O i  PAaT 1 

- 
620 FPS 

.06 1 .GS 

C3MENTS 

.06 

Range 

310 FPS Range 

329 FPS 

.57 Range 

.05 

.05 

.025 

.10 

.20 

I 

.05 

.025 

353 FPS Range 

Blade Frequency Check 

Hover Perfomance and 
L i f t  L im i t s  

I 

1 

Control  System Problem 
Cestroyed the Siades 

.05 

0 

62  FFS 
124 FPS 
124 FPS 
186 FPS 
248 FPS 

0 

0 
3 

Cruise Performance and 
L i f t  L imi ts  a t  Basel ine 
Rotor T ip  SpeeJ,Control 
Power Test lng a t  90% 
and 70: Ct/a Max 



TABLE 5.1 RUN LOG (cont inued) 

- 
RUN 
fJ. 

ROTOR ROTOR 
TIP hOVA1;CE LIFT 

SPEC3 GfiTiO COEFF. 
v T b t;/o 

ROTOP 
PRGFULSIVE 
FORCE COEFF 

~ l q d ' o  

TUNNEL 
SPEED 

v 

For b Blade Frequency Check 3ASELINi ROTOR 
XARACTERISTICS 

:HECK AND 
JERIFICATION 
?UNS 

328 

310 FPS 
310 FPS 
279 FPS 

These runs rrerc made t o  
v e r i f y  t n a t  the  r o t o r  
performance o r  Part  1 and 
Par t  2 w e n  cons is tent  and 
d i d  no t  Inc lude any model 
f o u l  i n n  

Cruise performance and 
l l f t  l i m i t s  a t  basel lne 
r o t o r  t l p  speed 

L I E  LIMIT 
TESTING 

- 

353 FPS 

378 FPS 

228 FPS 
256 FPS 
285 FPS 
302 FPS 

228 FPS 
256 FPS 
285 FPS 
302 FPS 
325 FPS 
348 FPS 
358 FPS 

Crulse p e r f o m n c e  and 
l!ft l i m i t s  a t  reduced 
r o t o r ' t l p  speed t o  define 
e f f e c t  o f  advanctlng t l p  
Mach number 

570 F P S ~  A I Range 

PROPULSIVE 
FORCE L R I T  
TESTING 

Range 248 FPS 
- - -  

1 Cruise performance and 
1 p ropu ls ive  force l l r l t s  
I a t  base l lne  t l p  speed 

Range 279 FPS 

620 FPS -50 .06 
.06 
.08 
.08 

Range 311 FPS 



TABLE 5.1 RUN LOG (cont inued)  

TYPE OF 
TES'I ItiG 

'RCPULSiVE 
:Oi\CE LI?!IT 
:ESTING 

2 72 

ROTOR RCTCR 
T I P  A T i A ' I i E  L I F T  

SPEES R;TI3 CSEFF. 
'J T Y C+/o 

620 F?S .SO .35 

' ROT64 
1 PRCPL'LSI'JE TUWEL 

FCRCE COiFF SPEED 
X/qd2u V COWENTS 

Range 311 FPS Cruise perfonnance and 
propu ls ive  force l l m i  t s  
a t  base l ine  t i p  speed 

Range 328 FPS 

- -- -- - 

620 F ? S ~  .53 1 .05 I . 07  
Range 1 328 F P I ~  

I 

Range 352 FPS Cruise performance ~ n d  
propu ls ive  fo rce 1 i m i  t s  
a t  increased t i p  speed 

620 FPS Range / 0 8  I -05 I Test ing t o  represent 
a speed sweep f o r  a 

I I 
s p e c i f i c  con f i gu ra t i on  

I 

ORIGINAL PAGE IS 
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6.0 TEST DATA OPERATION 

As defined in Section 5, the overall program objective was to 

define the performance characteristics of a conventional heli- 

copter rotor in high speed forward flight. S i x  specific test 

objectives were presented in Section 5.3, in order of priority, 

and will be discussed in the following sections. Additional 

areas of test data analysis are included that examine the rotor 

operation in and out of stall, summarize the model performance 

and indicate the importance of drag cleanup, correlate theory 

and test data and show the impact of reduced torsional stiffness. 

For the testing and data analysis, the primary rotor tip speed 

is 620 ft/sec (189 m/sec) and a propulsive requirement deflried 

in coefficient form is ~ / ~ d ~ a  = 0.05 which is representative of 

an advanced helicopter level of drag cleanup. Variation in 

propulsive force and rotor tip speed are examined -show the 

inpack on the basic trends defined. .. . 



I 6.1 Lift and Propulsive Force Limits 

Test Objective 1: Determine the maximum lift and propulsive 

force obtainable from an articulated rotor for advance ratios 

of 0.4 to 0.67. 

As defined in Section 5.2, a sweep in rotor lift was made at a 

fixed rotor propulsive force coefficient. The rotor lift was 

increased until a linit defined by aerodynamic capability, blade 

loads or control capability was reached. Since collective pitch 

defined the rotor lift and shaft angle of attack controlled the 

rotor propulsive force, the variation of rotor lift with collec- 

tive pitch was used to establish an aerodynamic limitation on 

lift. Figure 6.1.1 presents a typical variation of rotor lift 

coefficient (C+/a) with collective pitch (8.75R) at an advance 
I 

ratio (p) of 0.53 for three levels of propulsive force coeffi- 

cient (x/qd2c) of 0.025, 0.05 and 0.10. At the lower level of 

rotor lift coefficient, approximately 0.05, small changes in 

collective pitch were required to change rotor lift but large 

changes in shaft angle of attack were necessary. Beyond C+/a of 

0.08 the sensitivity of rotor lift with collective pitch decreased 

and smaller changes were required in shaft angle of attack. As 

shown in Figure 6.1.1 there is a point where further increases 

in collective pitch produces either no change or a decrease in 

rotor lift coefficient, indicating the Lift is limited by the 

aerodynamic capability of this model rotor system. 



Having demonstrated an aerodynamic limit in lift, it is neces- 

sary to examine the blade loads to insure that a load limit has 

not been reached or exceeded. The most critical load is alter- 

nating blade root torsion, therefore, the corresponding variation 

of alternating blade root torsion load with rotor lift coef.ficient 

must be monitored at the same. time to insure that the limit of 

5 Q  in.lb. was not exceeded. Figure 6.1.2 presents this variation 

but the maximum load indicated was approximately 60 percent of 

the limit. Since the lift was not limited by loads and we reached 

an aerodynamic limitation there was obviously no control system 

limitation for this case. There were only a few cases where 

longitudinal and lateral cyclic capability limited the testing 

and there were no limitations imposed on the testing by blade 

loads. 

A summary of the rotor lift limit for the basic propulsive force 
. . 

coefficient of 0.05 is presented in Figure 6.1.3 from hover 

(p = 0.0) to 225 knots (p = 0.61). The lift limit shown at 

p = 0.0 was defined by the maximum collective pitch attain-,hie 

with the normal length pitch links. For the high speed te; ;~g 

a set of long pitch links were used but no hover data was obtained 

with them. The trend of lift limit with advance ratio is approxi- 

mately linear up to a p = 0.35, beyond this value the lift de- 

creases rapidly to a C+/a of 0.098 at p = 0.45. From p = 0.45 

to 0.50 the lift limit rises rapidly and levels off at a value 

of C+/g = 0.112 out to p = 0.53. After this advance ratio the 

lift limit drops to C+/a of 0.072 at 225 knots ( p  = 0.6l). The 



I 
decrease in lift limit with increasing advance ratio appears 

I 

to be a result of the decrease in section CQ with decreasing 
max 

Mach number as occurs on the outboard retreating blade. Also 

the decrease in local velocity on the outboard section of the 

retreating blade defines lower dynamic pressure and the blade 

area outside of the reverse flow region becomes smaller causing 

the lift capability to fall off. To maintain minimum hub 

moments requires reducing the lift on the advancing blade, there- 

by, further reducing the lift capability of the rotor. 

' The reversal in the lift limit trend beyond advance ratio of 0.45 

appears to be caused by a change in the type of stall and the 

region on the rotor disc where it occurs. It is also influenced 

by the increased area and dynamic pressure in the reverse'flow 

I but further data analysis and theoretical predictions are required 

to adequately define the reason for the resulting trer.d. A 

possible rationalization is offered here which is based on a 

small amount of predicted data obtained during the correlaticn 

and an estimation of what is happening as the advance ratio 
I 

changes. As the advance ratio increases the local velocity and 

hence the dynamic pressure on the blade becomes greater in reverse 

flow and the blade area in reverse flow becomes greater producing 

larger lift and drag at each blade section. With the high shaft 

angles, collectives and longitudinal cyclic the resulting section 

angle of attack is significantly less than would be expected. 

This could result in the local lift and drag combining to produce 

less negative rotor lift and provide the increase in maximum 



r o t o r  l i f t  between an advance r a t i o  of 0.50 and 0.53 a s  shown 

below. 

SECTION LIFT AND DRAG AT p = 0.50 

Also t h e  r e v e r s e  flow reg ion  i s  reduced s i g n i f i c a n t l y  by t h e  

i nc reased  s h a f t  ang le ,  t h e r e l ~  producing a s m a l l e r  deg rada t ion  

a t  high advance r a t i o  than  a n t i c i p a t e d .  Beyond an  advance 

r a t i o  of 0.53 t h e  dynamic p r e s s u r e  and working b l a d e  a r e a  con- 

t i n u e  t o  i n c r e a s e  i n  r e v e r s e  flow. There i s  a l s o  a change i n  

ang le  of  a t t a c k  produced by t h e  i n c r e a s e  i n  c o l l e c t i v e  and 
.. . 

1 0 ~ i g i t u d i n a l  c y c l i c  w i th  advance r a t i o .  The combined change 

i n  a n g l e  of a t t a c k  dynamic p r e s s u r e  and b l ade  a r e a  i n  r e v e r s e  

flow could r e s u l t  i n  both l i f t  and d rag  a c t i n g  i n  a d i r e c t i o n  

t h a t  reduces  l i f t ,  o r  t h e  d r a g  produces a s i g n i f i c a n t l y  l a r g e  

component of  n e g a t i v e  r o t o r  l i f t  and o f f s e t s  t h e  p o s i t i v e  con- 

t r i b u t i o n  of  l o c a l  l i f t .  

To provide  sone i n s i g h t  i n t o  t h e  s t a l l  impact on t h e  l i f t  and 

t h e  change i n  c h a r a c t e r i s t i c s  w i th  advance r a t i o ,  an examinat ion 

of t h e  f l a p  bending and t o r s i o n  l o a d s  i n  F igu res  6.2.15 through 

6.2.22 were combined t o  provide  a q u a l i t a t i v e  assessment  of  t h e  

ORIGINAL ~A'A(;L 1s 
OF QUALITY 



lift distribution radially and azimuthally. Figure 6.1.4 pre- 

1 sents the lift distribution at an advance ratio of 0.20 for a . . -  

moderate rotor lift coetficient of 0.1238 and at the lift limit 

of 0.1333. A t C i / o  = 0.1238, the lift is produced inboard on the 

retreating side of the rotor and outboard on the forward portion 

of the rotor. There is a region of negative lift outboard ia 

the first quadrant. As the rotor lift is increased -the limit, 

the lift distribution changes to that in the lower portion of the 

figure. The increase in lift is generated on the outboard portion 

of the rotor disc in the third and fourth quadrants. The 

increase in lift on the retreating side of the disc is 

accompanied by an ixrease in lift on the outboard end of the 

advancing blade. The high levels of lift shown in Figxe 6.1.4 

correspond to the regions of the rotor that have high nose down 

torsional loads representative of stall in Figure 6.2.15 as 

discussed in Section 6.2. Figure 6.1.5 presents a set of lift 

distributions for an advance ratio of 0.50. Tne upper part of 

the figure presents the radial and azimuthal distribution for 

a moderate level of lift, Lift on the 

portion of the blade is high all the way around the azimuth 

except in part of the fourth and first quadrant where there is 

very little lift. This is where there is a slight nose up 

torsional load shown in Figure 6.2.17. Lift is produced 

outboard on the forward portion of the rotor disc. The out- 

board portion of the rotorein the fourth quadrant appears to 

be producing a moderate amount of negative lift. As the lift 



is increased up toward the l~mit, the lift is increased in the 

inboard forward portion of the rotor and on the outboard aft 

portion of the rotor. The amount of negative lift generated 

on the inboard portion of the rotor appears to increase as 

indicated by the torsion and flap bending loads. On the out- 

board region of the rotor that had negative,lift becomes 

smaller. Although qualitative, the lift distributions indicated 

would produce blade deflections that were. representative of 

those observed visually during the testing. 

As shown in Figure 6.1.1 the effect of propulsive force on the 

lift limit was also defined by the testing at advance ratios of 

0.40 and above. A s m a r y  of the lift limit at propulsive force 

coefficients (x/qd2u) of 0.025, 0.10 and 0.20 is presented in 

Figure 6.1.6 and compared with the basic lift limit shown in 

Figure 6.1.3. Reducing the ~ / ~ d ~ a  to 0.025 resulted in no change 

between v = 0.40 and 0.50 but 

(CG/o) of 0.008 at an advance 

from 0.05 to 0.10 resulted in 

0.01 between p = 0.40 to 0.50 

there was.an increase in lift limit 

ratio of 0.53. Increasing X/qd2a 

a decrease in lift limit (C;/U) of 

and the decrement in lift limit 

(Ci/a) increases to 0.03 beyond an advance ratio of 0.50 Similar 

changes were established when the propulsive force coefficient 

was increased from 0.10 to 0.20. 

To define the propulsive force limit, a sweep in propulsive force 

coefficient was made at a fixed level of rotor lift coefficient. 

As discussed previously in Section 5.2, the propulsive force was 



increased until a limit was defined by aerodynamic capability, 

I blade loads or control capability was reached. The variation of 

propulsive force coefficient with collective pitch was used for 

determining if there was an aerodynamic limit to propulsive force. 

Figure 6.1.7 presents this variation $or an advance ratio of 0.40 

and as indicated, the testing was limited at a level 9 to 10 times 

greater than the basic propulsive force by a physical limitation 

of the model - the lag stops. The lead-lag motion was not large 

(less than 2 degrees) but the steady lag was large at these high 

levels of propulsive force, thus causing the blade to bang on 

the lag stops. An increwe in steady lag is demonstrated by an 

increase inrotor powe7 or torque. Ficpre 6.1.8 presents the 

vzriation of rotor power coefficient with propulsive force 

coefficient and at the limits defined by the lag stops, the 

rotor power coefficients have increased by a factor of 4 over 

the power at the basic propulsive force. This increase repre- 

sents a significant increase in steady lag. A t  all the aevance 

ratios tested the maximum propulsive force obtained was limited 

in the same manner. 
I 

Propulsive force limits were obtained at two levels of lift at 

each advance ratio: 80percent of the ntaximum lift and 60 percent 

of the maximum lift for a propulsive force coefficient of 0.05. 

A summary of the pr~pulsive force ?,t the lag stop limits is s!lown 

in Figure 6.1.9 as an envelope of rotor lift and rotor propulsive 

coefficients that the model mtor can o3erate wi.thin. The lowest 

pr~pulsive force capability dem~nstrated was at an advance ratio 

of 0.61 but this corresponds to a level of x/qe2a of 0.105. 
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The lift limits that were defined in Figure 6.1.6 can also be 

presented as an operational envelope of rotor lift and rotor 

propulsive force coefficient. This has been done in Figure 6.1.10 

and the restriction imposed by an advance ratio of 0.45 is 

almost as severe as operating at an advance ratio of 0.61. 

Further study of all the data at an advance ratio of 0.45 is 

required to determine the cause of reduced capability. 

The maximum lift obtained at specific level of propulsive force 

or the maximum propulsive force obtained at fixed levels of 

rotor lift combine to establish a restriction on the opera- 

tional capability of the model rotor system. This in essence 

is the combination of Figures 6.1.10 and 6.1.9 into an overall 

operational envelope and is presented in Figure 6.1.11. 

Superimponsed on Figure 6.1.11 is an equivalent flat plate 

drag area loading GW/fe = 1500 lb/ft2, a drag level representa- 

tive of an advanced helicopter. This established the flight 

envelope for the model rotor system and specifies that the 

rotor can operate at a rotor lift coefficient C&/o = 0.10 up 

to an advance ratio of 0.57 or 210 kn~ts. Flight at an advance 

ratio of 0.61 or 225 knots can be achieved when operating at a 

C+/u = 0.08. This answers the repeatedly asked question - 
can the conventional rotor operate at useful lift levels in 

high speed forward flight without auxiliary lift or auxiliary 

propulsion? - with a firm YES. 
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6.2 Blade Load Growth Approachins Limits 

Test Objective 2: Establish the blade load growth as the 

lift approaches the limit 

Before discussing the load chhracteristics, it is necessary to 

establish the blade frequency trends with RPM to insure that 

there are no critical resonances at the operating conditions. 

The frequency spectrum for the model rotor blade, as shown in 

Figure 6.2.1,was obtained from an RPM sweep at an advance ratio 

of 0.20 and a rotor lift coefficient of 0.10. The first torsion 

mode and six per rev coalesce at 2100 RPM and the third flap, 

mode and seven per rev also cculesce at 2100 RPM, but normal 

operation at the basic tip speed of 620 ft/sec is at 2005 RPM. 

This is sufficiently removed from the resonances to avoid severe 

load amplification. At the alternate tip speed of 570 ft/sec, a 

rotor speed of 1840 RPM, there is a coalescence of the second 

chord mode with the eight per rev but this is not a critical 

resonance condition. 

The loads of torsion, 9 a p  and chord bending were measured at 

ten locations on the blade as described in Section 3.3, presented 

in Appendix A and summarized in Figures 6.2.2 through 6.2.4. 

Of these loads, torsion was the load to be monitored most cri- 

tically since it indicates the presence of stall and had the 

smallest margin with the anticipated loads. A summary of the 

alternating blade root torsion loads are presented in Figure 6.2.2 

if' 
' 4 .  

L 



I for a propulsive force coefficient (x/qdza) of 0.05 at advance 

ratios of 0.9 to 0.61. The general trend exhibited a very 

slight increase in loads with rotor lift coefficients up to C+/a  

of approximately 0.09 and advance ratios of 0.50. A t  higher 

lift levels the growth in alternating root torsion significantly 

increase. There is a second change in the slope, becoming 

almost asyrntotic, indicating a trend normally associated with 

stall and the lift limit. The gr~wth in alternating flap and 

chord bending loads with rotor lift coefficient, as shown in 

Figures 6.2.3 and 6.2.4, were similar to the trends exhibited by 

torsion; i.e., as the maximum lift limit is approached, the loads 

increase rapidly. 

The alternating torsion load presented in Figure 6.2.2 is at 

the blade root and is the integrated sum of the radial and 

azimuthal distribution of the alternating torsion loads. An 

exanination of the radial distribution of the torsion load will 

prcvide some insight as to where the major portion of the alter- 

nating load is developed and the impact of approaching the lift 
I 

limit has on this distribution. Figure 6-2.5 presents the radial 

distribution of alternating torsion loads for four levels of 

rotor lift (Ci/o = 0.0597, 0.0984, 0.1348 and 0.1511) in hover 

( = 0.0). The lowest three values of rotor lift show that ma.jor 

portion of the load is developed by the outboard half of the blade 

(r/R 0.50 to 1.00) and there is only a slight increase to the 

point where the blade ends (r/R=0.22!. The growth in load with 



i n c r e a s i n g  ; i f t  i s  v e r y  g r a d u a l  b u t  f o r  t h e  i i f t  l i m i t ,  shown 

i n  t h e  upper  p a r t  o f  t h e  f i g u r e ,  t h e r e  is  an  i n c r e a s e  i n  l o a d  

o c c u r r i n g  ou tboa rd  on t h e  b l ade .  S i m i l a r  t r e n d s  a r e  e x h i b i t e d  

f o r  a n  advance r a t i o  o f  !1.20 as shown i n  F i g u r e  6.2.6 b u t  t h e  

magnitude i n c r e a s e s .  At an  advance r a t i ~  o f  0.40, a t y p i c a l  l o a d  

v a r i a t i o n  is shown f o r  t h e  ou tboa rd  20 p e r c e n t  o f  b l a d e  ( r / R  = 

0.80 t o  1.00) i n  Figurl? 6.2.7. The d i s t i n c t  d i f f e r e n c e  i n  t h e  

d i s t r i ' b u t i o n  a t  u = 0.4 w i t h  t h a t  a t  p = 0.20 o r  0.0 i s  demon- 

s t r a t e d  by the uniform i n c r e a s e  i n  t h e  a l t e r n a t i n g  t o r s i o n  l o a d  

from t h e  ou tboa rd  s t a t i o n ,  r / R  = 0.80 t o  t h e  p o i n t  where t h e  b l a d e  

ends  r / R  = 0.20. T h i s  may r e s u l t  from t h e  d i r e c t  t r a d e  i n  s e c t i o n  

p i t c h i n g  moment c o e f f i c i e n t  w i t h  s e c t i o n  dynamic p r e s s u r e .  F i g u r e  

6.2.8 p r e s e n t s  t h e  r a d i a l  d i s t r i b u t i o n  f o r  an  advance r a t i o  o f  

0.50. Trends  f o r  t h e  ou tboa rd  h a l f  o f  t h e  b l&e  were similar t o  

t h a t  shown f o r  p = 0.40 w i t h  a n  i n c r e a s e  i n  magnitude.  The l o a d  

growth between r / R  = 0.50 t o  0 . 2 0 - i s  twi 'ce a s  g r e a t  a s  t h a t  p re -  

s e n t e d  f o r  r / R  = 0.80 t o  0.50 which a p p e a r s  t o  b e  t h e  impact  o f  

t h e  i n c r e a s e d  forward speed  on t h e  i nboa rd  p o r t i o n  o f  t h e  b l a d e  

e i t h e r  on t h e  advancing o r  r e t r e a t i n g  b l ade .  F i g u r e  6.2.9 p re -  

s e n t s  t h e  d a t a  f o r  an advance r a t i o  o f  0.57 and t h e  t r e n d s  shown 

a r e  similar t o  t h o s e  f o r  LI = 0.50. 

To b e t t e r  unde r s t and  t h e  l o a d  growth w i t h  l i f t ,  t h e  b l a d e  r o o t  

t o r s i o n  waveforms have been superimposed on t h e  a l t e r n a t i n g  r o o t  

t o r s i o n  l o a d s  o f  F i g u r e  6.2.2 f o r  t h e  same advance r a t i o s  o f  

F i g u r e s  6.2.5 t o  6.2.9. l i g u r e  6.2.10 p r e s e n t s  t h e  l o a d s  and 



J wave forms a t  four  l e v e l s  of r o t o r  l i f t  f o r  hover ( p  = 0 .0 ) .  
% 

The r o o t  t o r s i o n  wave form is  r e l a t i v e l y  uniform up t o  a  r o t o r  

l i f t  c o e f f i c i e n t  (C+/o) of 0.135. A t  C+/o = 0.151 t h e r e  i s  a 

s l i g h t  o s c i l l a t i o n  i n  t h e  load on t h e  r e t r e a t i n g  s i d e  of t h e  

r o t o r  d i s c  a t  a frequency of approximately 6/rev. The b lade  

w i l l  respond a t  t h e  t o r s i o n a l  n a t u r a l  frequency i f  it i s  d i s -  

turbed by a  t o r s i o n a l  load. The r o t o r  encounters  s t a l l  on t h e  

r e t r e a t i n g  blade,  developing l a r g e  nose down p i t ch ing  moments 

once per  rev;  t h e r e f o r e ,  t h e  blade w i l l  respond a t  t h e  f i r s t  

t o r s i o n a l  n a t u r a l  frequency - s i x  per  r e v ,  a s  shown on t h e  t o p  

wave form. Figure 6.2.11 p r e s e n t s  s i m i l a r  d a t a  f o r  an advance 

r a t i o  of 0.20. Between C+/o = 0 .10  and 0.125 t h e r e  is a  modest 

inc rease  i n  t o r s i o n  loads  and t h e  wave form presented  f o r  t h e  

I r o t o r  l i f t  c o e f f i c i e n t  of 0 . 1 2  i n d i c a t e s  an inc rease  i n  nose down 

t o r s i o n  load a t  a  r o t o r  azimuth of 270°. This  i s  i n d i c a t i n g  a  

s l i g h c  a ~ o u n t  cf s t a l l  on t h e  r e t r e a t i n g  blade. For t h e  t o p  

wave form, a t  t h e  l i f t  l i m i t ,  t h e r e  i s  a  g r e a t e r  amount of  nose 

down t o r s i o n  load and t h e  load i s  o s c i l l a t i n g  a t  t h e  t o r s i o n  f r e -  

quency, 6/rev,  on t h e  r e t r e a t i n g  s i d e  of t h e  r o t o r  disc.' A t  an 

advance r a t i o  of 0.40 t h e  t o r s i o n  wave form of Figure 6.2.12 

shows less nose down load a t  a  r o t o r  azimuth of 300 degrees 

even a t  low r o t o r  l i f t  (C+/a = 0.06).  This  i s  i n d i c a t i v e  of t h e  

blade opera t ing  a t  negat ive  s e c t i o n  angles  of a t t a c k .  When'the 

r o t c r  l i f t  c o e f f i c i e n t  reaches  0.094 t h e  change i n  ncse down 

t o r s i o n  load i s  very sharp  i n d i c a t i n g  t h e  p o s s i b i l i t y  of negat ive  

s t a l l .  At t h e  l i f t  l i m i t ,  C+/o = 0 . 1 0 7 ,  t h e r e  i s  a  l a r g e  nose down 

I 



t o r s i o n  l o a d  a t  240 deg rees  r o t o r  azimuth,  i n d i c a t i n g  convent iona l  

t i p  s t a l l ,  and a  s h a r p  dec rease  i n  nose down load  a t  300 degrees  

r o t o r  azimuth p o s s i b l y  r e f l e c t i n g  more nega t ive  s t a l l .  

A s  t h e  advance r a t i o  i s  inc reased  t o  0.50, t h e  b l ade  t o r s i o n  

load  becomes even p o s i t i v e  a t  300 degrees  of  r o t o r  azimuth f o r  

r o t o r  l i f t  c o e f f i c i e n t s  a s  low a s  0.060, a s  ~ s t a b l i s h e d  i n  

F igure  6.2.13. A s  C1/u i s  inc reased  t o  0.095 t h e  magnitude o f  
T  

t h e  r o o t  t o r s i o n  load  a t  a  r o t o r  azimuth of  300 deg rees  becomes 

more p o s i t i v e  wh i l e  t h e  load  a t  an azimuth a n g l e  ($ )  of  150 

degrees  becomes more nega t ive .  A t  t h e  r o t o r  l i f t  l i m i t  (C+/u= 

0.11) t h e  p o s i t i v e  l oad  a t $ =  30C degrees  becomes more p o s i t i v e  

whi le  t h e r e  has  developed an apparen t  r eg ion  of s t a l l  n e a r  a  

r o t o r  azimuth of 150 degrees  and 240 degrees .  For an  advance 

r a t i o  of 0.57 t h e  a l t e r n a t i n g  b l ade  r o o t  t o r s i o n  load  and a l s o  

t h e  wave forms a r e  p re sen ted  i n  F igu re  6.2.14. There i s  a  l a r g e  

nose up load  even a t  a  low r o t o r ' l i f t  c o e f f i c i e n t  of  0.060 and 

i s  s i g n i f i c a n t l y  g r e a t e r  t h a n t h a t  shown i n  F igu re  6.2.13 f o r  an 

advance r a t i o  of  0.50. A s  t h e  l i f t  i s  inc reased  t o  0.087 t h e r e  

i s  t h e  appa ren t  s t a l l  r eg ion ,  de f ined  by t h e  two peaks i n  P ; .  

down load  a t  a  r o t o r  azimuth of  150 degrees  and 240 degre*:.. 

The load  a t  300 deg rees  r o t o r  azimuth becc-nes a  s ign i i ' i can ; : . :  

l a r g e  nose  up load.  

The d i s c u s s i o ~  has  presen ted  t h e  r a d i a l  d i s t r i b u t i o n  of t h e  a l t e x -  

n a t i n g  load  measured around t h e  azimuth o r  t h e  az imutha l  d i s t r i -  

bu t ion  of t h e  a l t e r n a t i n g  b l ade  r o o t  t o r s i o n  load  I n  an e f f o r t  



I t o  combine bo th  t h e s e  d i s c u s s i o n s , t h e  az imutha l  v a r i a t i o n  of t h e  

ou tboard  p o r t i o n  ci t h e  b l ade  (r/R=0.81 t o  1 . 0 0 ) ,  mid b l ade  ( r / R =  

0.50 t o  0.81) and t h e  inboard  p o r t i o n  o f  t h e  h l ade  (r/R=0.12 

t o  0.50) w i l l  be shown fc,r s e l e c t e d  l i f t  l e v e l s  a t  two advance 

r a t i o s  from t h e  d a t a  j u s t  d i s cussed .  A t  an advance r a t i o  o f  0.20 

t h e  a l t e r n a t i n g  r o o t  t o r s i o n  l o a d s  of  F igu re  6.2.2 grow g r a d u a l l y  

w i th  l i f t  up t o  C+/a = 0.105 ther. t h e r e  i s  an i n c r e a ~ c  i n  t o r s i o n  

load  s e n s i t i v i t y  w i t h  l i f t .  F i s u r e  6.2.15 w i l l  examine t h e  r eg ion  

f o r  a  l i f t  l e v e l  o f  C+/a = 0.1238 sn wing t h e  t h r e e  i nc remen ta l  

t o r s i o n a l  l oad  v a r i a t i o n s  around t h e  azimut'l. T h e z i s  a  uniform 

l e v e l  o f  t o r s i o n a l  l oad  from 30 deg rees  t o  270 deg rees  r o t o r  

azimuth wi th  a  s l i g h t  i n c r e a s e  between i 4 0  deg rees  t o  180 deg rees  

and 270 deg rees  t o  300 degrees .  A ve ry  low l e v e l  of  t o r s i o n  l o a d  

I is e v i d e n t  between 300 deg rees  t o  30 degrees .  The t o r s i o n  l c a d  

i s  almost  c o n s t a n t  around t h e  azimuth f o r  t h e  mid p o r t i o n  of  t h e  

b lade .  A t  t h o  bottom of t h e  f i g u r e  t h e  inboard  t o r s i o n  l o a d s  

i n d i c a t e  an i n c r e a s e  between 2 1 0  deg rees  and 330 deg rees  w i th  a  

max*mum a t  270 degrees .  Th i s  i n d i c a t e s  t h a t  conven t iona l  s t a l l  i s  

o c c u r r i n g  i n  t h e  r eg ion  of  t h e  r o t o r  w i th  t h e  g r e a t e s t  'amount 

o c c u r r i n g  a t  2'70 deqvees.  From the b l a d e  midspan t o  t h e  edge of 

t h e  r e v e r s e  flow reg ion ,  t k e  s e c t i o n  a n g l e  of a t t a c k  i n c r e a s e s  

r a p i d l y  t o  90 degrees .  Where t h e  a n g l e  i s  g r e a t e r  khan t h a t  of  

s t a l l ,  t h e r e  i s  a  l a r g e  nose cown s e c t i o n  p i t g h i n g  moment c o e f f i -  

c i e n t s  b u t  t h e  dynamic p r e s s u r e  i s  low on t h e  inboard  p o r t i o n  of 

t h e  b l a d e ,  t he reby  producing a  moderate i n c r e a s e  i n  t h e  t o r s i o n  

load.  



R e f e i r i n g  back t o  F igure  6.2.2 a s  thh r o t o r  l i f t  i s  i n c r e a s e d  

above C+/a = 0.129 t h e  a l t e r n a t i n g  l oad  i n c r e a s e s  ve ry  r a p i d l y ,  

becoming . '  most asymtotic:. I t  i s  neces sa ry  t o  de te rmine  t h e  

cause  of t h i s  r a p i d  i n c r e a s e  i n  l o a d s  and how it is  d i f f e r e n t  

from t h e  l oad  growth caused by t h e  inboard  conve.- \ t ional  s t a l l .  

F igu re  6.2.16 p r e s e n t s  t h e  t h r e e  az imutha l  d i s t r i b u t i o n s  f o r  t h e  

l i f t  l i m i t  Ci/o = 0.1333. The ou tbos rd  t o r s i o n  l oad  d i s t r i b u t i o n  

i s  approxinate'y uniform from 90 deg rees  a l l  t h e  way around t o  30  

degrees  azimuth w i t h  an i n c r e a s e  n e a r  290 deg rees  p o s s i b l y  caused 

by s t a l l .  Between 30 deg rces  t o  90 deg rees  t h e  moment i n c r e a s e d  

t o  a s l i ~ h t l y  p o s i t i v e  v a l u e ,  u s u a l l y  t h e  r e s u l t  o f  o p e r a t i ~ 7  a t  

n e g a t i v e  a n g l e s  o f  a t t a c k  which would be expec ted  w i t h  t h e  l a t e r a l  

hvb moments trimmed t o  zero .  The mid b l ade  d i s t r i b u t i c a  is 
:i 

approximately  unlform between d0 degrees  and 210 deg rees  b u t  t h e  

remainder o f  t h e  wave form shows t h r e e  d i s t i n c t  peaks i n  t h e  t o r -  

s i o n  load.  The f requency of t h e s e  nose down load  growtns i s  6/rev 

which is t h e  t o r s i o n a l  n a t u r a l  f requency d e f i n i t e l y  e s t a b l i s h i n g  

s ta l l .  The i n b c ~ l r d  wave form i n d i c a t e s  a s l i g h t  i n c r e a s e  i n  t h e  

t o r s i o n  l o a d  a t  2'iO deg rees ,  315 deg rees  and 20 deg rees  azimuth 

which a r e  t h e  same r e q i o n s  where s t a l l  was e x h i b i t e d  on t h e  mid 

b l ade  t r a c e  and i s  p o s s i b l y  a ca r ry-over  c f  s t a l l  t o  t h e  inboard  

p o r t i o n  of  t h e  SJ-ade. The re fo re ,  t h e  i n c r e a s e  i n  t h e  l oad  sen- 

s i t i v i t y  w i t h  l i f t  i~ a r e s u l t  of s t a l l  s h i f t i n g  o u t  t o  t h e  mid 

and ou tboard  p o r t i o n s  of  t h e  b l ade .  



Referring back to Figure 6.2.2 the alternating torsion load 

I growth at an advance ratio of 0.50 shows a moderate sensitivity 

up to a lift revel of C;/u = 0.095 and beyond that level there is 

a sharp iacrease in the sensitivity. Are these load growth trends 

caused by stall occurring on the same areas of the blade? Figure 

6.2.17 shows the three incremental torsional load variations com- 

paraLl-. to those of Figure 6.2.15 but for a C;/o = 0.0894 at u = 

0.50. The outboard load variation shows a similar trend with a 

slight increase ~n magnitude. For the mid blade variation there 

is a significant increase in nose down load at 150 degrees azirncth 

typical of stall while at 300 degrees azimuth the load becomes 

slightly positive indicative of operation at negative section angle 

of attack. In the inboard portion of the blade there is an increase 

in nose down load at 150 degrees azimuth representing stall. At 

300 degrees azimuth there is a large increaee in nose up load 

indicating negative stall and operation at extremely large nega- 

tive angles of attack. There is a decrease in torsion load to 

zero between 60 and 90 degrees on the inboard portion of the blade 

inc~cating operation at negative section angles of atta~k. 

FDr operation beyond C+/u = 0.095 is there a change in the stall 

characteristics, similar to that discussed for u = 0.20? Figure 

6.2.18 presents the three incremental azimuthal variations in the 

torsion load at C;/u = 0.1029 and u = 0.50. The outboard load 

torsional wave form shows operation at negacive angle of attack 

between 30 degrees and 70 degrees with increased torsion load 

from 260 degrees to 300 degrees azauth. Stall is exhibited in 



the mid blade wave form by increased nose down loads at 240 

degrees, 310 degrees and 20 degrees azimuth. The inboard portion 

indicates conventional stall at 150 degrees and 210 degrees 

while there is a v e r y  large increase in nose up torsion load at 

300 degrees ~otor azimuth. Again, the change in torsional load 

sensitivity at high levels of rotor lift results from a signi- 

ficant amount of conventional stall on the mid blade and inboard 

portion of the blade. The sensitivity for high levels of lift 

at an advmce ratio of 0.50 is less than at 0.20 and appears to 

be the influence of the large negative stall on the inboard 

prtion of the blade. 

Similar characteristics can be generated with the flap bending 

loads which will indicate the regions of the rotor that are 

prodncing high lift and help confirm the regions where the 

rotor is encountering stall. Figures 6.2.19 to 6.2.22 present 

: mid span and root flap bending wave forms and also an indication 

of the incremental outboard (r/R=C.48 to 1.00) and inboard (r/R= 

0.12 to 0.48) lift distribution around the azimuth. At a rotor 

lift coefficient of 0.1238 and an advance ratio of 0.20, there 

is a region of negative flap bending load between 90 degrees and 

150 degrees azimuth for the outboard blade region as shown in 

Figure 6.2.19. For the inboard portion of the blade there is a 

region of very high flap bending loads between 60 degrees and 

150 degrees and slightly reduced load level from 150 degrees to 



270 degrees azimuth. The high estimated lift on the inboard 

portion of the blade drops very rapidly after 270 degrees, 

indicative of the stall demonstrated by the torsion loads. The 

estimated lift or inboard flap bending load is higher between 

60 degrees and 150 degrees than on the retreating blade, yet 

there is no stall indicated by the torsion loads. This is a 

result of the lift on the outboard portion of the blade and is 

not as uniform as assumed in the estimation of the contribution 

of the outboard loads to inboard loads. Figure 6.2.20 is for a 

rotor lift coefficient of 0.1333 and indicates high lift levels 

near 240 degrees, 300 degrees and 30 degrees suggesting the 

presence of stall on the inboard blade as indicated in Figure 

6.2.16. The outboard lift level is higher berween 180 degrees 

I and 330 degrees azimuth indicating a possible cacse for stall for 

this outboard section of the blade (r/R=0.48 to 1.00). 

At the higher advance ratio of 0.50 the outboard flap bending 

load is negative between 90 degrees and 210 degrees rotor azimuth 

as shown by Figure 6.2.21 at a C&/o = 0.0894. For the inboard 
t 

portion of the blade the estimated high level of lift between 

90 degrees and 180 degrees could produce the conventional stall 

indicated in Figure 6.2.17. The zero estimated lift at 270 

degrees supports the positive torsion loads associated with 

negative stall. Figure 6.2.22 presents the flap bending loads and 

estimated lift for an advance ratio of 0.50 and a rotor lift 



coefficient of 0.1029. The increase in lift on the outboard 

portion of the blade between 210 degrees and 330 degrees 

provide support to the mid blade stall indicated in Figure 6.2.18. 

The very high lift between 120 degrees and 240 degrees azimuth 

supports the conventional stall on the inboard blade while the 

negative lift or download occurring between 240 degrees and 

270 degrees verifies the operation at large negative angles of 

attack and the negative stall defined in Figure 6.2.18 for the 

inboard section of the blade. This estimated lift distribution 

data in addition to the torsion data of Figures 6.2.15 through 

6.2.18 provided the basis for the qualitative lift distributions 

presented in Section 6.1. 

To summarize the results there is an inboard stall that produces 

a moderate increase load sensitivity with lift and a mid blade 

plus outboard stall that results in the almost asymtotic varia- 

tion of loads with lift coefficient for low advance ratios. 

For the high advance ratios there is an inboard stall that has 

a higher sensitivity with lift than the low advance ratios 

have. For rotor lift levels near the lift limit there is a 

decrease in sensitivity to rotor lift for the higher advance ratio. 

This is a result of operating at negative section angles of attack, 

negative lift between 240 degrees and 270 degrees azimuth and 

positive section pitching moments alleviating the load growth 

with rotor lift. Addition analysis of the loads data in conjunction 



with performance data must be accomplished. This data must 

be compared with predict io i i s  t o  subs tant ia te  the  theory and 

he lp  i n  developing an understanding o f  r o t o r  operat ion  i n  the  

high speed regime. 
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6.3 

Test 

Cruise Rotor Performance 

Objective 3: Obtain cruise rotor performance for advance 

ratios of 0.40 to 0.67. 

Testing was performed at the primary tip speed of 620 ft/sec 

(189 m/sec) and a propulsive force requirement defined in coeffi- 

cient form by x/qd2a = 0.05 which is representative of an advanced 

helicopter level of drag cleanup. This testing was performed to 

define the lift limit as described in Section 6.1 with a sweep 

in rotor lift at a fixed level of propulsive force coefficient. 

By testing in this manner, performance data was obtained from 

lift levels as low as C;/u of 0.04 up to the limit defined in 

Figure 6.1.3. This data is representative of steady level cruise 

performance for the 1/10 scale CH47B rotor. All of the data ob- 

tained is included in Appendix A and summarized in Appendix F but 

only a portion of the data will be presented here and discussed. 

Figures 6.3.1 through 6.3.7 presect the summary of the rotor 

performance and the control positions associated with this per- 

formance. The variation of rotor power coefficient with rotor 

lift coefficient is presented in Figure 6.3.1, from hover to an 

advance ratio of 0.61. Rotor power reduces from hover to a mini- 

mum at an advance ratic of 0.20. As advance ratio increases to 

0.4 there is a gradual i,crease in power, and as the advance 

ratio increases to 0.57 and again to 0.61 the increase in power 

becomes significantly larger. 



Figure 6.3.2 presents  t he  performance data  i n  terms of t he  r o t o r  

e f f e c t i v e  drag coe f f i c i en t  (CDe/o) va r ia t ion  with r o t o r  l i f t .  

There i s  a l a rge  improvement i n  ro to r  e f f e c t i v e  drag from an 

advance r a t i o  of 0.10 t o  0.20. A s l i g h t  increase  i n  e f f ec t ive  

drag coe f f i c i en t  is shown a s  t he  advance r a t i o  is  increased zo 

p = 0.40. For advance r a t i o s  of 0.45, 0.50 and 0.53 the  effec- 

t i v e  drag l e v e l  is  s l i g h t l y  increased over an advance r a t i o  of 

0.40 and they are a l l  approximately t he  same. Increasing t h e  

advance r a t i o  t o  0.57 and then t o  0.61 increases  t h e  e f f e c t i v e  

drag reaching a l e v e l  t h a t  is  equal t o  t h a t  of an advance r a t i o  

of p = 0.10. The general t rend evident f o r  each of t he  advance 

r a t i o s  is t h a t  the  e f f ec t ive  drag ?tarts t o  irbcrease s ign i f i can t ly  

a t  l i f t  l e v e l s  w e l l  below the  l i f t  l i m i t ,  but i n  t h e  l i f t  l e v e l  

t h a t  i s  incurr ing inboard s t a l l .  

Rotor l i f t  t o  e f f e c t i v e  drag r a t i o  is a measure of c ru i se  eff ic iency.  

The slope t o  any point  on Figure 6.3.2 ptovides the  L/QE and the  

posi t ion of each advance r a t i o  on t h i s  f igure  i n d i c a t e s . t h e i r  

ef f ic iency r e l a t i v e  t o  each other.  Maximum L/DE indicated i s  9.0 

fo r  an advance r a t i o  of 0.20, decreases t o  6.5 f o r  v = 0.40 and 

then down t o  1.8 a t  = 0.61. A summary of t he  maximum r o t o r  L/DE 

is presented i n  Figure 6.3.3 ind ica t ing  a peak value of 9.5 a t  

p = 0.28. The t rend from p = 0.40 t o  0.61 resembles the  l i f t  

l i m i t  t rend showing a d ip  a t  an advance r a t i o  of 0.45 and a lower 

peak of 4.5 a t  p = 0.52. 



The strain gages and wire bundles for the torsion, flap and 

chord bending loads were mounted externally on the blade. This 

produces lumps and spanwise surface irregularities that increase 

the basic drag of the airfoil section. From testing performed 

under the HLH program, data was obtained to define increments 

in section drag coefficient (ACD) for instrumentation and wire 

bundles. For the instrumentation arrangement on the blades used 

in the Lift-Propulsive Force Limit test the increment in section 

drag coefficient was ACD = 0.020. Utilizing this ACD, an estimate 

of the change in rotor effective drag coefficiant was made and the 

associated impact on the maximum effective lift-drag ratio. 

This was added to Figure 6.3.3 and indicates that the peak in 

maximum L/DE increases to -approximately 13.5 at p = 0.28. The 

second peak in L/D, increases to 7.0 at an advance ratio of 0.52. 

110 estimates have been made at present to scale this data up to 

full scale. Since the characteristics resemble the lift limit 

and are significantly influenced by stall, there would be 

changes in the magnitude of maximum effective lift to &ag ratio. 

The most significant changes are expected in the operational regime 

above p = 0.50 where the rotor stall severely limiting the model 

characteristics as indicated in Figure 6.3.3. This scaling up 

must be performed to establish the full potential of the con- 

ventional rotor. 

The rotor shaft angle of attack, collective pitch, longitudinal 



cyclic and lateral cyclic that correspond to the performance 

summary of Figure 6.3.1 are presented in Figures 6.3.4 through 

Figure 6.3.7. The other aspect of rotor performance is the 

capability of the rotor to accelerate from one steady state craise 

condition to another and/or carry external loads. Performance 

data that addresses this was obtained during the propulsive 

force testing. At fixed levels of lift, the propulsive force 

was increased until a model physical limit was reached. This 

data is presented in Appendix B of Volume 2 and Figures 6.3.8 

through Figure 6.3.10 are selected to present the performance 

data obtained at three advance ratios. Figure 6.3.8 shows the 

variation in rotor power coefficient with the increasing propul- 

sive force requirements at p = 0.40. The two data trends are 

for 80 percent and 60 percent of the maximum lift limit when 

x/qd2a = 0.05. The resulting trends are linear with a slight 

decrease in slope as the lift is increased. A linear variation 

indicates a fixed effe~tive~sss of the rotor for converting power 

to propulsive force and is defined as rotor propulsive efficiency 

(np). A rotor propulsive efficiency of 100% is the ideal con- 

version of power to propulsive force. 

Ideal np = 100% 



The dashed l i n e  i n  F igures  6.3.8 through Figure  6.3.10 p r e s e n t s  

t h i s  i d e a l  conversion and is  l a b l e d  100 pe rcen t  Rotor Propuls ive  

Eff ic iency.  A decrease  i n  s lope  i n d i c a t e s  t h e  d e v i a t i o n  from 

t h e  100%. For t h e  r o t o r  l i f t  c o e f f i c i e n t  of 0.06 t h e  s lope  is  

.91 of t h e  i d e a l ;  t h e r e f o r e ,  t h e  propuls ive  e f f i c i e n c y  ( q p )  i s  

91 percent .  A t  t h e  h igher  l i f t  l e v e l  C+/a = .09 t h e  propuls ive  

e f f i c i s n c y  decreases  t o  77 percent .  This  i s  t h e  impact of t h e  

r o o t  s t a l l  d iscussed i n  Sec t ions  6.1 and 6.2. Figure 6.3.3 

p r e s e n t s  s i m i l a r  d a t a  f o r  an advance r a t i o  of 0.50 The propul- 

s i v e  e f f i c i e n t y  is  88 percent  a t  C+/a = 0.06 and 84 percent  a t  

C+/q = 0.08. A t  t h e  h ighes t  advance r a t i o ,  p =  0.61 presented  

i n  Figure 6.3.10, t h e  propuls ive  e f f i c i e n c y  is 100 percent  f o r  

both l e v e l s  of l i f t .  To show t h e  change i n  n p  f o r  t h e s e  t h r e e  

advance ratios and t o  i n t e g r a t e  t h e  d a t a  obta ined from t h e  

remainder of t h e  propuls ive  f o r c e  t e s t i n g  a  summary t r end  wi th  LI 

was developed. F igure  6.3.11 p r e s e n t s  t h i s  t r e n d  showing n p  

decreas ing  t o  a  minimum of 85 percent  a t  p = 0.48 and inc reas ing  

t o  100 percent  a t  = 0.61. This  i n d i c a t e s  t h a t  a t  i t s  poores t  
I 

c a p a b i l i t y  t h e  r o t o r  is a s  good a s  a  p r o p e l l e r  opera t ing  very 

near  maximum e f f i c i e n c y .  

A performance summary and corresponding c o n t r o l  p o s i t i o n s  are 

presented f o r  a  r o t o r  t i p  speed of 570 f t / s e c  (174 X/sec) i n  

Figures  6.3.12 through Figures  6.3.18. No d e t a i l  d i scuss ion  i s  

included he re  b u t  t h e  genera l  l e v e l  of performance is  s i m i l a r  a t  

t h e  lower l i f t  l e v e l s .  More d e t a i l  comparison should be nade t o  
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ROTOR POWER COEFFICIENT - Cp/uB 

FIGURE 6 . 3 . 8  EFFECT OF PRO?ULSIVE FCRCE ON ROTOR POWER REQUIRED 
AT CONSTANT L I F T  , u = 0 . 4 0  



ROTOR POWER COEFFICIENT- Cp/og 

FIGURE 6 . 3 . 9  EFFECT OF PROPULSIVE FORCE ON ROTOR POWE!? 
REQUIRED AT CONSTANT L I F T  , u = 0.50 



FIGURE 6 . 3  .I 0 EFFECT PROP S VE RCE ON RITOR POWER REQUIRED K ~ O N S # N +  LIFT, p = 0. 
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34 
m -T 6.4 Rotor Cont.ro1 Power in Proximity of Stall 

Test Objective 4: Determine the sensitivity of the rotor forces 

and moments to rotor control inputs as the lift limit is 

approached. 

During the testing to determine the maximum lift limits, per- 

turbations in longitudinal and lateral cyclic were made from 

the trimmed operating conditions. This was accomplished at 30 

percent and 70 percent of the maximum lift to determine if 

t?ere was any decrease in the incremental forces and moments 

generated. The basic test data is presented in Appendix C in 

Volume 3. From that data three advance ratios have been selec- 

ted for discussion here: low speed regime, p =  0.2C: mid speed 

regime, p -  0.40; high speed regime, p =  0.53. . , 
For the low speed regime, p = 0.20, the longitudinal control 

power is presented in Figure 6.4.1 for C+/a = 0.090 and 0.123. 

Rotor pitching moment and longitudinal force sensitivities are 

presented in the upper portion of the figure and indicate no 
t 

significant change produced when operating near the lift limit. 

On the bottom of the figure, the cross coupling in rotor rolling 

moment and side force also show no effect of operating near the 

lift limit. Lateral control power js presented in Figure 6.4.2, 

showing the sensitivity rotor rolling moment and side force 

to lateral cyclic. There is no change in the rolling moment 

and only a slight change in the side force sensitivity to lateral 

cyclic. The cross coupling terms of rotor pitching moment and 
4 . 



longitudinal force indicate no change in sensitivity when 

operating near the lift limit. Rotor thrust and power varia- 

tions with longitudinal or lateral cyclic are unaffected as 

the rotor lift is increased from 70 percent to 90 percent of 

the lift limit at an advanc? ratio of 0.201 as indicated in 

Figure 6.4.3. 

For an advance ratio of 0.401 the sensitivity of rotor hub moments 

and inplane forces to 'longitudinal cyclic are presened in Figure 

6.4.4 and to lateral cyclic in Figure 6.4.5. There is no change 

in any of the sensitivities as a result of operating near stall. 

The impact of longitudinal or lateral cyclic on rotor thrust and 

power is presented in Figure 6.4.6 and indicates no change results 

from operating at the higher lift level. 

When increasing the operating speed up to afi advance ratio of 

0.53 the sensitivity of rotor pitchhg moment and longitudinal - - 
force are slightly increased when operating near the lift limit 

as shown in Figure 6.4.7.  The sensitivities become slightly 

greater in the cross coupling terms of rotor rolling moment and 

side force when operating near stall. The lateral conLrol charac- 

teristics of Figure 6.4.8 are less affected by operation near stall 

than the longitudinal contrcl characteristics. At p = 0.53 there 

was no effect on the thrust or power sensitivities to longitudinal 

or lateral cyclic. The conclusion drawn from these dtta trends is 

that there is a negligible effect on the control power resulting 

from operation at 90 percent of the lift limit at all speeds up 

to an advance ratio of 0.53. 
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6.5 Advancing Tip Mach Number Effects on the Lift Limit 

Test Objective 5: Define the effect of advancing tip Mach number 

on the lift and propulsive force limits. 

The lift and propulsive force limitations defined and presented 

up to this point have been for the basic tip speed of 620 ft./sec. 

Since the lift limit is a result of stall, and stall of an air- 

foil is significantly influenced by Mach number, it led to the 

obvious question what is the influence of advancing tip Mach 

number on the lift limits of a rotor? To determine this effect, 

a nominal increment of 0.05 in Mach number was selected which 

required reducing the rotor tip speed to approximately 570 ft/sec. 

The lift limit testing was performed in the same manner as de- 

scribed in Section 6.1 and a summary of the performance data 

obtained in the process of defining the lift limit for 570 ft/sec 

at a propulsive force coefficient of 0.05 has been shown in 

Figures 6.3.12 through 6. 3.18. 

A summary of the lift limit variation with advance ratio for 

570 ft/sec is shown in Figure 6.5.1, with a dashed line, and 

shows a continuous decrease in the limit from an advance ratio 

of 0.45 to 0.64. To show the relative change in the limits re- 

sulting from this 0.05 change in Mach number, the lift limit 

cf Figure 6.1.3 is superimposed on Figure 6.5.1. The most sig- 

nificant difference in the limit is the distinct change in shape. 

For the lower tip speed there is no dip in lift limit at an advance 



ratio of 0.45 increasing to a maximum between 0.50 and 0.53. 

The result is a lower lift limit between advance ratios of 

0.50 and 0.60 by approximately AC+/a = 0.01, but beyond p = 

0.60, the lower tip speed has a definite advantage with the 

more shallow rate of change in lift limit with advance ratio. 

The difference in the limits between the low tip speed and 

the high tip speed data between p = 0.50 and 0.60 appears con- 

sistent with the trend of section characteristics: as the 

section Mach number is reduced from 0.40 toward zero the maxi- 

mum section lift coefficient reduces. It could also result 

from the lower dynamic pressure decreasing the beneficial 

effects of the reverse flow region. At advance ratios below 

0.50 and above 0.60 the trend reverses and is contrary to 

expected results. A possible reason for the higher lift limit 

with the lower tip speed could be the result of operating at a 

higher effective stiffness since the torsional natural fre- 

quency ratio is approximately 6.5 whereas the torsional natural 

frequency ratio is approximately 6.1 for the higher ti$ speed. 

This would reduce the amount of elastic wind up of the blade 

and could change the lift distribution in a favorable manner 

providing some stall alleviation. Further analysis is required 

to fully understand and establish the reason for the results 

produced. 
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6.6 Blade Flapping Response 

Test Objective 6 :  Determine the blade flapping response to a 

step input in cyclic as the lift limit is approached. 

The last section of the wind tunnel test was set aside for the 

higher risk testing: defining the blade flapping response to a 

step input to cyclic at the lift limit. An instrumentation 

failure prevented measuring blade flapping response during this 

portion of the testing. Although a quantitative answer was not 

achieved a qualitative one was provided each time the rotor hub 

moments were trimmed to zer3. The hydraulic control system had 

very rapid response and any input command to the collective or 

cyclic controls resulted in a step input. Visual observation of 

the rotor indicated that the blade flapping was highly damped 

since the rotor stabilized very rapidly without any rotor wobble. 



6.7 Rotor Operation in Stall 

The test program was accomplished in two different periods in 

the wind tunnel. This was the result of a model control system 

problem requiring extensive repairs to the model. Upon re- 

entering the tunnel, a number of check runs were scheduled to 

compare data obtained with the repaired model and new blades 

with data already obtained. During an early run at an advance 

ratio of 0.53, the rotor power and loads data were significantly 

higher than the previous data. The control positions were also 

very different, so an effort was made to obtain the desired 

rotor lift and propulsive at control settings that were closer 

to those obtained previously.  his' was done without shutting 

dow~l the tunnel or the model. During the second half of the run 

the performance and loads data obtained for the same rotor lift 

and propulsive force were vsry close to the data from the earlier 

testing but distinctly different from the first half of the run. 

The resulting performance is presented in Figure 6.7.1 indicating 

a difference of 0.004 in Cp/a at the lower lift levels. The 

inaximum lift that was achieved was different by a AC+/a = 0.01. 

Figure 6.7.2 presents the variation of Rotor Propulsive Force 

coefficient, Rotor Power coefficient and Rotor Effective Drag co- 

efficient with Rotor Lift Coefficient indicating that there was 

negligible difference in the rotor propulsive force coefficient. 

The effective rotor lift to drag rati3, uncorretted for the blade 

instrumentation, decreases from 3.7 to 2.7. 



Rotor controls position and shaft angle are presented in Figure 

L 6.7.3 indicating that the better level of performance has a lower 

rotor shaft angle of attack and collective. The longitudinal 

and lateral cyclic are also lower. Exami~~ing the alternating 

I blade loads presented in 6.7.4 establishes that there is a 

siightly lower outboard torsion but the flap and chord bendinq 

are significantly lower for the better level of performance. 

To assist in the definition of the differences shown, a comparison 

was made in the outboard torsion (TB 80) wave forms, in Figure 

6.7.5. The lift level is approximately 0.098 and the upper wave 

form is that obtained from data with the highest Cp/a. The lower 

wave form is that associatee with the better performance. The 

upper wave form has tkree distinct load peaks in the last half 

of the rotor cyclic'indicativa of rotor stall response at 6/r*.;v, 

while the lower wate is just starting to show an increase in nose 

download at $ = 270 degrees. Figure 5.7.6 presents the flap 

bending wave forms in the same order and the upper wave form is 

responding at the third flap frequency of 7/rev. figure 6.7.7 
I 

presents the chord wave forms in the same format with the upper 

curve responding at the first chord frequency of 4.5,'rev. Each 

of these upper wave forms mdicate rcbponse at the natural fre- 

quency for each mode of bending and establishing that the rotor 

is operating in stall. 



These results were shown at a high value of rotor lift coefficient 

(Ci/a = 0 . 0 9 8 ) .  Fioure 6.7.8 defines the sensitivity to lift of 

the outboard alternating torsion loads with and without stall. 

At four selected levels of lift, wave forms are superimposed on 

the figure. For the lower alternating load level the large nose 

down load representative of stall is becoming evident only at the 

highest lift. The wave forms associated with the higher alter- 

nating load curve have the six per rev high nose down loads at all 

lift levels indicating the presence of stall at all lift levels. 

A cursory evaluation of other test data runs indicate similar 

trends but further analysis work is required to determine the 

differences in the rotor lift distribution and loads dist. 'mtion. 

Stall impacts the maximum lift attainable and a survey through 

the data from Appendix A provided the,data for the lift limit with 

severe stall that is shwon by the dashed line in Figure 6.7.9. 

Superimposed on this figure is the lift limit presented in Figure 

6.1.3 indicating with severe stall results in a decrease in lift 

limit by ACi/a = .006. 

The impact of stall on the lift limit variation with advance ratm 

has been established as well as the effects oc rotor power and 

loads at one advance ratio. To define the magnitude of the power 

penalty trend with advance ratio would be demonstrated mast effec- 

tively in che form of a power required curve with and without 

stall. A typical configuratio~ was deflned by a rotor lift 



coefficient (Cf/a) of 0.08 and a propulsive force coefficient 

(x/qd2a) of 0.05 to be used for the demonstration of the stall 

effects. Carefully selecting data from every lift limit and 

propulsive for1:e limit test run, the power required for the typ- 

ical model configuration is developed in Figure 6.7.10. In the 

high speed regime the power penalty, shown by the upper line, 

is approximately 30 percent greater than the baseline power 

required. 



ROTOR POWER COEFFIC IENT Cp/o  

FIGURE 6.7.1 RO'iOR PERFORMANCE WITH AND WITHOUT T I P  STALL 
FOR SAME L I F T  AND PROPULSIVE FORCE 
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FIGURE 6 . 7 . 5  COMPARISON OF OUTBOARD TORSION LOAD WAVE FORM FOR 
OPERATION I N  AND OUT O i  STALL p = 0 . 5 3  X l q d 2 u  = 0 . 0 5  
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6.8 Model Configuration Performance 

The data presentations up to this point in the discussion has 

addressed maximum lift, maximum propulsive forcq or maximum 

effective lift to drag ratio; always defining the limit to the 

capability of the rotor system. It is equally important to 

define the capability for a fixed lift and propulsive force re- 

quirement to provide visibility on the characteristics of this 

rotor system. This would simulate the rotor under normal opera- 

tion? not just the limits? and be representative of a model con- 

figuration.. The definition of this configuration was as follows: 

o Reduced drag levels, representative of anadvanced 

helicopter (x/qd2a = 0.05) 

o Normal operating lift (C+/o = 0.08)r reduced from 

the full scale value of Ci/s = 0.10 to allow for 

reduced capability resulting from Reynolds number 

o Normal operating tip speed 620 ft/sec 

The performance for this configuration is presented in Figure 

6.8.1 in termo of the rotor power coefficient variation with 

advance ratio. Thie is representative of the typical sower re- 

quired curve going from hover to high speed forward flight. 

Minimum power required occurs at p = 0.201 typical of a lciter 

condition with a power required 30 percent of the hovez value. 

high speed cruise at an advance ratio of 0.57 has a power re- 

quired four times greater than hover power. The performance shovm 

here is for the model with all the external blade lnad instrumenta- 

tions iqcluded. 
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To g e t  an apprec ia t ion  f a r  t h e  l e v e l  of  performance t h a t  i s  

shown i n  Figure 6.8.1, t h e  e f f e c t i v e  r o t o r  l i f t  t o  drag r a t i o  

was c a l c u l a t e d  and presented  i n  Figure 5.8.2. A maximum L!DE 

of 9.7 is  achieved a t  an advance r a t i o  of 0.28 which drops down 

and l e v e l s  o f f  a t  4.5 between u = 0.45 t o  0.53 and f i n a l l y  de- 

c reas ing  t o  3.4 a t  l.i = 0.57. An e s t i m a t e  i s  made t o  c o r r e c t  

f o r  t h e  e x t e r n a l  s t r a i n  gages and wire bundles degrading 

t h e  model r o t o r  performance. This  i s  p resen tee  by t h e  dashed 

l i n e  i n  Figure 6.8.2 showing a maximum L/DE of 13.5, reducing t o  

approximately 6.5 between p = 0.45 and 0.53. A t  t h e  h ighes t  

speed t e s t e d  f o r  t h i s  l i f t  l e v e l ,  p = 0.57, t h e  e f f e c t i v e  r o t o r  

l i f t  t o  drag r a t i o  i s  approximately 4.5. No e s t i n a t e  has been 

made of t h e  equivalent  f u l l  s c a l e  performance. T h e ' l i f t  l i m i t  

and performance would be s i g n i f i c a n t l y  a f f e c t e d  by t h e  increased 

maximum s e c t i o n  l i f t  c h a r a c t e r i s t i c s  of f u l l  s c a l e ,  e l imina t ing  

much of t h e  s t a l l  inf luence  inheren t  i n  t h e  high speed model 

t e s t  da ta .  

Figure 6.8.3 p resen t s  t h e  r o t o r  s h a f t  angle of a t t a c k  ahd r o t o r  

c o n t r o l  p o s i t i o n s  assoc ia ted  with t h e  performance c h a r a c t e r i s t i c s  

of Figures 6.8.1 and 6.8.2. 

Al te rna t ing  blade r o o t  t o r s i o n  loads  c o n s i s t e n t  wi th  t h e  per- 

formance d a t a  jus:. d iscussed,  a r e  presented i n  Fiaure  0.8.4. 

There is a gradual  rise i n  loads  up t o  an advance r a t i o  of 0.35 

where t h e  l aad  s e n s i t i v i t y  with advance r a t i o  becomes much g r . r l t e r .  

Beyond u = 0.53 t h e  t o r s i o n  load growth becones almost asymtotic .  
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This trend in load resembles the load growth with lift at a 

fixed cdvance ratio: 

o Slight rise in alternating torsion loads up to the 

level where root stall occurs 

o Moderate increcse in torsicn loads in region influenced 

by root stall up to.the level where the stall region 

expands to the outboard poxtion of the blade 

o Large increase in torsion loads resulting from both 

inboard and outboard stall 

The discussion of the inboard and outboard stail mentioned here 

is discussed in depth in Sections 6.1 and 6.2. The influence 

of full scale airfoil section data would move the regions of 

inboard and outboard stall to a higher advance ratios and also 

result in a lower load growth with ldvance ratio between 

p = 0.35 and 0.53. 

These characteristics have been presented for a propuisive force 

level representing a judicious drag cleanup consistent with an 

advanced helicopter. What is the impact of not carrying out 

the drag clean up and what is the ultimate capability? Figure 

6.8.5 presento typical power required performance in coefficient 

form for various propulsive force requirements. The solid line 

is for a propulsive force coefficient x/qd2a of 0.05 which was 

presented in Figure 6.8.1. A propulsive force coefficient of 0.10 



is representative of the drag levels of current helicopters. 

By incorporating the drag clean up from x/qd20 = 0.10 to 0.05 

reduces the power required by 25 to 30 percent. This can have 

a sizeable impact on a vehicle, if a significantly smaller 

engine, transmission and drive train are required. The effect 

also results in a lxghter hub, blades and control system. 

The combined weight savings from reduced power and reduced 

empty weight of the vehicle combine to provide a significant 

saving in fuel. With the cost of fuel increasing dramatically 

and energy cmservation being carefully considered in the de- 

velopment of the next generation helicopter, drag reduction 

and cleanup becomes a very high priority effort. 

Testing was performed for a propulsive force coefficient of 

0 . 0 2 5 .  This data is included here to indicate :he impact of 

an adr"tiona1 50 percent reduction frc the advanced helicopter 

letre1 These three propulsive force levels provide the means 

of extrap~lating to the ultimate capability-zero drag. Earlier 

in the discussion it was indicated that the drag reduction asso- 

ciated with the advarced helicopter (x/qd20 = 0.05) provided 

a 25 to 30 percent recluction in averall power required. This 

in itself is a significa~t improvement but when consic-ring that 

it takes the configuration half way to the ultimate goal this 

adds a greater emphasis to the accomplishment of drag reduction. 
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FIGURE 6.8.1 MODEL CONFIGURATION PERFORMANCE C;/o = 0.08, 
X/qd2a = 0.05 
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FIGURE 6.8.3 SHAFT ANGLE OF ATTACK AND CONTROL P C S I T I O N S  ASSOCIATED 
WITH MODEL CONFIGURATION PERFORMANCE C+/o = 0.08, 
X/qd2a = 0.05 
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FIGURE 6.6.5 

ADVANCE RATIO + p 

EFFECT OF PROPULSIVE REQUIREMENT ON MODEL CONFIGURATION 
PERFORMANCE, C+/a= 0.08 



6.9 Correlation of Theory with Test Data 

Wind tunnel model testing provides a means of defining the 

capability of a rotor system as well as determining the limits 

imposed on the operational flight envelope. Baseline data is 

obtained to guide the near term development of the rotor and 

this data aEso serves in the substantiation of the theoretical 

prediction methods over wider speed ranges or higher lift capa- 

bilities. Extending the substantiation of the methods to greater 

operating envelopes is required to provide an increased under- 

standing of the rotor system. This improved methodology permits 

an efficient and effective development of the next generation 

rotor system that can achieve improved performance, lower loads 

and greater reliability. This test was no exception, it is in 

fact the type of test that can greatly advance the development 

of the technology prediction methods. The first step is to 

correlate the existing programs with the test data, determine 

where the differences exist, define the cause of the differences 

and then upgrade the methodology. 

I 

Three types of correlation have been performed in this test 

program. 

o Rotor performance predicted with a rapid preliminary 

design performance program 

o Rotor controls predicted with a helicopter trim program 

o Torsional loads predicted with a sophisticated aeroelastic 

rotor loads program 



The rotor performance prediction program, SRIBR, was used in 

the first correlation effort to determine its adequacy. SRIBR 

is a rapid prediction method used primarily for preliminary 

design studies of various rotor configurations since it has 

numerous options a:.l has a computational time of iO to 15 seconds 

of machine time. SRIBR is a strip-theory analysis with an assumed 

tip loss and an induced velocity calculated as a function of the 

local loading to approximate the nonuniform downwash. The equa- 

tions are written in the tip-path-plane which eliminates the 

requirement for iterating on blade flapping and the airfoil 

characteristics are approximated with a series of equations. 

Since SRIBR, the rtpid performance prediction program used in 

preliminary design, was substantiated at speeds of 250 knots to 

350 knots for the eight foot diameter ~everse Velocity Rotor model, 

it could provide a useful analysis tool for use in the study of 

rotors but it was necessary to substantiate it at lower speeds. 

Testing of the high speed regime was accomplished in this wind 

tunnel program and provided model performance data of a conven- 

tional rotor at speeds up to 225 knots. A comparison of the pre- 

dictions obtained from SRIBR was made with test data obtained at 

110 knots, an advance ratio of 0.3, and at 195 knots, an advance 

ratio of 0.53. The results of these comparisons are shown in 

Figure 6.9.1 and indicate good correlation in this speed range, 

also. This prediction technique will serve useful in follow-on 

activities in the developl:.:ent of an advanced rotor concept. 



The continued study of the conventional rotor experimental. and 

theoretical data has provided additional understanding of the 

conventional rotor capabilities and characteristics at speecis 

of 150 to 250 knots. As part of this study, an examination of 

the requirements of the control system for flight in the high 

sseed regime was :nade. Preliminary results are presented in 

Figure 6.9.2 showing the predicted collective pitch and longi- 

tudinal cyclic requirements for a full scale High Advance Ratio 

Propulsive rotor. Superimposed on this figure are the collective 

pitch and longitudinal cyclic obtained from the test data of 

Appendix A operating at the same lift/propulsive force require- 

ments end flight speeds. The model data when compared to the 

full scale predictions indicate reasonable agreement. 

For the prediction of tcrsional loads, C-60, the Aeroelastic 

Rotor Analysis is used since it normally provides the best 

prediction cf the alternating loads. 

The seroelastic rotor analysis calculates rotor blade flapwise, 
I 

chordwise and torsional deflections and loads as well as rctor 

performance, control system forces and vibratory hub loads. The 

analysis addresses a rotor in steady stata flight with blades of 

arbitrary planfcrm, twist and radial variation in airfoil section. 



The analysis considers coupled flapwise-torsion deflections 

and uncoupled chordwise deflections of the rotor blades. The 

blade is represented by twenty (20) lumped masses, interconnected 

in series of elastic elements. Boundary conditions for ei~her 

articulated or hingeless rotorb are applied and the solution 

obtained by expanding the variables in a ten harmonic Fourier 

series. 

Airload calculations include the effects of airfoil section geometry, 

compressibility, stall, 3-dimensional flow, unsteady aerodynamics 

and non-uniform inflow. Static airfoil tables are used to account 

for compressibility, static stall and airfoil shape. The un- 

steady aerodynamic loads are calculated by modifying the static 

loads resulting from the airfoil tables to include Theordorsen's 

shed wake function, dynamic stall effects based on oscillating 

airfoil data and yawed flow across the blade. 

The non-uniform inflow calculations are based on a tip and root 

vortex trailed from each blade. Through an iterative technique, 

each trailed vortex is made compatible with the calculated blade 

lift distribution, and the lift distribution is compatible with 

the non-uniform downwash field. The vortex wake is assumed to be 

rigid and drift relative to the hub with a constant resultant 

velocity composed of thrust induced uniform downwash and the 

aircraft airspeed. 



Since alternating blade root torsion load was monitored during 

the test as the best indicator of stall, it was selected as the 

load to be used in the correlation. To provide the best insight 

into the adequacy of this loads methodology, the prediction of 

the azimuthal variation in the torsional load at the blade mid- 

span and root was mads. Figure 6.9.3 presents the prediction 

of the midspan torsion wave form. The location of the stall 

load peaks occurring at rotor azimuth angles ( $ )  of 280, 345 and 

50 degrees are accurate but the correlation of the magnitude at 

each peak is only fair. There is a large nose download occurring 

at 150 and 240 degrees rotcr azimuth typical of rotor stall which 

the analysis does not predict at all. The reason for this differ- 

ence must be. investigated further. Figure 6.9.4 presents the 

comparison of the predicted blade root torsion wave form with test 

data. The prediction of the azimuth for the nose up loads peaks 

as accL1,rate but the magnitude is significantly different. Pre- 

diction cf the large nose down peaks at $ = 165 and 240 degrees 

was not accomplished. To determine the adequacy of the predic- 

tion of the loads predicted on the inboard portion of tde blade, 

it is necessary to correct the predicted rcot torsion wave form 

for the inadequacy of the midspan prediction. This was accomp- 

lished in Figure 6.9.5 and the shape and magnitude between 15 

to 140 degrees agrees moderately weli but the level is low. 

Between $ = 180 through 360 the agreement in the azimuthal loca- 

tion is good bst the predicted magnitude is extremely low at 280 

degrees. Further analysis nust be performed to understand the 

cause for these differences. 
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F IGURE 6.9.1 COMPARISON OF PREDICTED ROTOR PERFORMANCE WITH TEST 
DATA FOR CONVENTIONAL ROTOR USING SRISR PROGRAM 
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6.10 Effect of Torsional Stiffness on High Advance Ratio 
Characteristics 

At the end of the first portion of the test program, one lift 

limit test data run was performed atan advance ratio of 0.57 

with a set of rotor blades that are geometrically the same but 

the torsional stiffness is reduced by approximately 45 percent. 

The basic test data is included in Appendix E of Volume 3 and a 

limited discussion of the major results and comparisons are in- 

cluded in this section, This testing was not required by the 

basic contract but is included here because of its implications 

on future rotor development, 

Before presenting the performance and loads data it is neces- 

sary to establish the blade frequency trends with RPM to insure 

1 I that there are no critical resonances at the operating condi- 
- .  f 

tions. The frequency spectrum for the model rotor blade that 

had a low torsional stiffness, as shown in Figure 6.10.1, was 

obtained from an RPM sweep at an advance ratio of 0.30 at a 

rotor lift coefficient of 0.06. The first torsion is at a fre- 

quency ratio of 4.4 at the normal operating tip speed off 620 

ft/sec. There are no resonant frequency crossings near the normal 

operating speed of 2005 RPM. 

As described in Section 6.1 the lift limit testing was accomp- 

lished with a sweep in rotor lift at a fixed propulsive force 

level of x/qd2a = 0.05. Figure 6.10.2 presents the rotor per- 

formance obtained druing this lift limit test run at an advance 



ratio of 0.57. The rotor performance obtained with the stan- 

dard blade is compared with this torsionally soft blade which 

requires .0018 to .0014 less rotor power coefficient (Cp/ag) UP 

to a rotor lift coefficient of 0.082. Beyond this lift level 

the rotor power required for the soft GJ blade increases very 

rapidly indicating stall and becomes the same as the standard 

blade. The maximum lift measured for the soft GJ blade is 

0.086, the standard blade has reached a C;/u of 0.094 and has 

not reached a maximum. Effective rotor drag variation with rotor 

lift is presented in Figure 6.10.3 and shows a difference of 

ACD / = .0040. The soft GJ blade was instrumented out of 55 
UB 

percent of the radius but the standard blade was instrumented 

out to 80 percent and could account for this difference in CD / . 
E UB 

The maximum effective rotor lift to drag ratio is approximately 

3.2 for ths soft GJ blade and 2.9 for the standard blade not 

correcting for the difference in external instrumentation. A 

comparison of the alternating blade root torsion loads are pre- 

sented in Figure 6.10.4. They both have approximately the same 

load at C;/a = 0.05 but the load growth on the soft GJ blade 

is larger and becoming 20 percent higher at C'/a = 0.082. 
T 

Superimposed on this figure are wave forme for four lift levels. 

The lowsst lift levels show similar wave forms but the steady is 

different and there is a negative stall at 30 degrees azimuth ($) 

and conventional or positive stall occurring at $ = 150 and 240 

degrees for the soft blade but not the standard blade. The same 

trend in the wave forms exist at C+/a = 0.069. At a rotor lift 



Coefficient of 0.082 the only difference in wave forms is a larger 

steady load and a negative stall peak at $ = 230 degrees for 

the soft blade. 

The wave forms for the highest rotor lift coefficient trends are 

similar to those at C+/o = 0.082 but the magnitudes are larger. 

These loads and wave forms indicate that the blade winds up more 

causing higher alternating loads, There is very little difference 

in the effective lift drag ratio and the lift limit is reduced 

by at least 10 percent. 

Further study of these results are required to understand where 

the increased loads are coming from and where the stall occurs. 

This is required to better understand the impact of torsional 

stiffness on the blade loads, to ~stablish a method of defining 

rotor blades that will minimize loads and maximize performance. 
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7.0 CONCLUSIONS 

The overall objective of the Lift-Propulsive Force Limit Test 

Program was to conduct a wind tunnel investigation of a con- 

ventional helicopter rotor to determine the performance 

characteristics and limitations in high speed forward flight. 

In addressing this program objective and the specific test 

objectives with the test data analysis contained herein, the 

overall concluoion Zormulated is: 

The conventional rotor can operate in high speed forward flight 

at useful levels of lift without auxiliary lift or auxiliary 

propulsion. 

Operation of this six foot diameter rotor has been demonstrated 

at a rotor lift coefficient of 0.10 at 210 knots or at a re- 

duced rotor lift coefficient of 0.08 up to 225 knots. This has 

been accomplished while operating at an equivalent flat plate 

drag area loadiny (GW/fe) of 1500 LB/FT~, conpatible with an 

advanced helicopter level of drag cleanup. 

Analysis of the individual test objectives has produced specific 

conclusions and they are listed below: 

1. The maximum lift limit is defined by the aerodynamic 

capability of the rotor because increasing collective 

pitch produced no further increase in lift at the 

desired propulsive force level. 



2. The max;.mum propulsive force developed by the 

model was limited by a model physical limit - the lag 
stops. 

3. Propulsive force limit testing provided data that 

indicated the conventional rotor, even when opera- 

ting at the advance ratio where the propulsive 

efficiency was the poorest, achieved 8 5  percent 

efficiency which is comparable to a propeller near 

its maximum efficiency. 

4. There was a rapid rise in alternating blade root 

torsion load as the lift limit was approached resulting 

from inboard stail. At the lift limit, the load 

growth became almost asymtotic es a result of the 

mid and outboard blade stall combined with the 

inboard stall. 

5. Measured rotor performance indicated a maximum 

effective lift to drag ratio of 9 was achieved 

at an advance ratio of 0 . 2 8  decreasing to 4 . 0  at 

195 knots ( v  = 0 . 5 3 ) .  Estimating a correction fcr 

the external load instrumentation improves the 

capability to an effective lift to drag ratio of 

13.5 and 7.0 for the same conditions. 



- 
6. There is  no degradat ion i n  c o n t r o l  power u, t o  

90 percent  of t h e  maximum l i f t  f o r  advance r a t i o s  

of 0.20 t o  0.53. 

7. Reducing advancing t i p  Mach number through reduced 

t i p  speed provided an i n c r e a s e  i n  l i f t  l i m i t s  below 

11,- 0.50 and above 0.60. Between 11 = 0.50 and 

0.60 t h e  l i f t  l i m i t  i s  reduced by an increment i n  

r o t o r  l i f t  AC+/u = 0.01 

8. Blade f lapping response t o  s t e p  i n p u t s  i n  c y c l i c  

p i t c h  appeared to  be s t a b l e .  

9. There a r e  two d i s t i n c t  sets of opera t ing  cond i t ions  

f o r  t h e  same l i f t  and propulsive f o r c e  requirements.  

One set of opera t ing  cond i t ions  has  t i p  s t a l l  

ev ident  a t  l i f t  l e v e l s  as low as C+/u = 0.06. 

10. An examination of t h e  performance c h a r a c t e r i s t i c s  

ior  a model conf igura t ion  opera t ing  a t  a r o t o r  l i f t  

c o e f f i c i e n t  of 0.08 opera t ing  a t  va r ious  propuls ive  

f o r c e  requirements ind ica ted  t h a t  a drag  c lean  up 

from t h e  c u r r e n t  l e v e l  (x/qd2u = 0.10) t o  t h a t  of an 

advanced h e l i c o p t e r  (x/qd2u = 0.05) reduced t h e  t o t a l  

power requi red  by 25 t o  30 percent .  



11. A limitad amount of test data was obtained at 

p = 0.57 on a rotor blade that was geometrically 

similar but with a torsional stiffness reduced 

by 45 percent. The rotor lift limit was reduced 

to CG/u = 0.086 from approximately 0.10 and 

the alternating blade root torsion load sensitivity 

was significantly increased f , the soft GJ blade. 



8.0 RECOMMENDATIONS 

The data analysis trends developed and the conclusions summarized 

in Section 7.0 indicate that the conventional rotor can operate 

at useful levels of lift in the high speed without auxiliary 

lift or auxiliary propulsion. The analysis covered a wide 

range of subjects with a moderate amount of depth. There are 

a number of areas in the data analysis that a result is pro- . 

duced and the cause has not been completely identified. These 

areas require additional analysis directed at the following 

questions or tasks: 

1. Can an improved blade load correlation be achieved 

for torsion? Also, what is the correlation of flap 

and chord bending? 

2. Does reverse flow provide some relief in the lift 

distribution between p = 0.45 and 0.531 

3. For the basic tip speed operation, is the cause 

of the rapid drop in lift limit beyond an advance 

ratio of 0.53 driven by positive or negative stall? 

4. Is the cause of the moderate rise in alternating 

blade torsion loads zbove C+/o ~ 0 . 0 9  a result of 

inboard stall? Does the nearly asymtotic use in 

torsion loads depend primarily on the mid and out- 

board stall or inboard stall? 



Define the major areas producing lift and propul- 

sive force with theory and compare with the qualita- 

tive lift distribution generated from the torsion 

and flap bending loads. 

Is the improvement in lift limit below p = 0.50 

and above 0.60, for reduced tip speed operation, an 

aerodynamic or an aeroelastic phenomena? 

Is the reduction in lift limit between p = 0.50 

znd 0.60 an aerodynamic or an aeroelastic phenomena? 

Does the reduced tip speed operation provide an 

improvement in performance at all advance ratios 

between 0.40 and 0.64? 

What is the improvement in rotor lift limit 

achieved by the full scale rotor system? 

Does the increased load growth demonstrated for 

the blade with reduced torsional stiffness redult 

from increased blade wind up? 

The najor recommendation to be made is that additional data 

reduction and correlation of theory with test data must be 

performed. From this effort a better understanding of the 

rotor behavior in high speed can be developed. This can 



provide a basis for expanding the operational capability 

of the conventional rotor and serve to guide the development 

of the next generation helicopter. 

The next logical step is to develop a rotor system that 

reduces the impact of stall in high speed to improve the 

cruise efficiency and also integrates the geometric or struc- 

tural requirements for improved hover capability. Having then 

defined a rotor that will achieve this, build and test it to 

verify the predicted characteristics or define the deficiencies 

in the technology and determine the modifications required 

to achieve the improved rotor system. 




